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In order to make genetic progress for an economically important trait, the trait (or a 
closely related trait) must be measurable, heritable, and have sufficient additive genetic 
variation. Genetic parameters must be estimated to determine the amount of additive genetic 
variation and heritability for use in a genetic evaluation and selection program. Superior 
individuals for the trait of interest must be identified and retained for breeding purposes to 
effectively implement a successful breeding program. Finally, the selected individuals must 
be mated in a way to produce the maximum response while limiting any negative impact 
selection for the trait of interest may have on other economically important correlated traits. 
In this thesis, four projects were conducted to investigate intramuscular fat percentage, an 
important pork quality trait, its measurement in live swine, estimation of genetic parameters, 
and determination of its relationship with carcass, meat, and eating quality traits, and 
implementation of this trait into a selection experiment to improve the trait. 
In the first project, purebred Durocs (n = 207) were used to develop a model using 
real-time ultrasound technology to predict loin intramuscular fat percentage of the 
longissimus muscle in live pigs. In the second project, data from two national progeny 
testing programs were used to compare the relationships of intramuscular fat percentage of 
the longissimus predicted using real-time ultrasound and chemical intramuscular fat 
percentage with meat quality traits in pigs. In the third project, data from a selection project 
designed to increase intramuscular fat percentage (IMF) in a Duroc swine population were 
utilized to compare three different models used to estimate breeding values for IMF. In the 
final study, data from randomly mated and selected Duroc pigs (n = 589) were used to 
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determine the genetic and phenotypic relationships between individual subcutaneous backfat 
layers and intramuscular fat percentage of the loin. Results of the first project showed real­
time ultrasound image analysis can be used to predict intramuscular fat percentage in live 
swine. 
Results from the second project demonstrated that selection for intramuscular fat 
percentage estimated from chemical analysis or by real-time ultrasound should yield similar 
genetic changes in other meat quality traits in pigs. Results from the third project indicated 
that selection based on a combination of ultrasonically predicted IMF and sib carcass IMF 
produced the greatest selection differentials and should lead to the greatest genetic change 
when compared to selection based on ultrasound estimates of IMF alone. Results from the 
final project demonstrated that individual backfat layers are highly heritable and of similar 
magnitude as total backfat, and have similar genetic correlations with IMF. The outer or 
inner backfat layers could be implemented into a multiple-trait genetic evaluation, instead of 
total backfat, to improve IMF. 
Overall, the results from the four projects contained in this thesis indicate measuring 
intramuscular fat percentage of the porcine longissimus can be accurately performed utilizing 
real-time ultrasound, the genetic parameters and relationships with other meat and eating 
quality traits for IMF predicted from real-time ultrasound are similar to those of IMF 
estimated from the carcass, and substantial genetic progress can be made when implementing 
this technology into a selection program. In addition, inclusion of a single backfat layer into 
the genetic evaluation for intramuscular fat percentage could increase in the amount of 
genetic progress realized through selection. 
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CHAPTER 1. INTRODUCTION 
Improving the overall consumer satisfaction or eating experience should be one of the 
single most important goals for producers of meat animals. Consumers generally desire 
"attractive, economically priced products with desirable color, which are nutritious and 
healthy, tender, juicy, and flavorful, with no fat or additives (Jeremiah, 1998)." Consumers 
base purchasing decisions on a combination of factors to ensure a pleasurable eating 
experience which utilize their own previous experiences with pork purchases. The factors 
most likely to influence a consumer's initial purchasing decision include size, shape, and 
color of pork cuts along with a desire to minimize fat intake and ultimately, price (McGill, 
1981). Consumers repeat pork purchasing decisions are based on their eating experience 
including a variety of sensory attributes to determine the overall value of the product. With 
all of this in mind, improving fresh pork quality and various indicator traits is of utmost 
importance in order to improve consumer demand for U. S. pork. 
Fresh pork quality and overall consumer acceptance continues to be increasingly 
important as packers and processors attempt to provide wholesome, high quality products to 
their customers. Many traits have been investigated as indicators of fresh pork quality and its 
corresponding consumer acceptance. Much of this research has focused on the longissimus 
dorsi or loin muscle due to the relative value of the cut and its use as a determinant of carcass 
lean composition. Lean composition is traditionally estimated from linear measures taken at 
approximately the tenth rib of a pork carcass. Because the 10th rib of the loin is already the 
area of the pork carcass used to estimate carcass cutability, many of the meat quality 
indicators have been measured there as well. 
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Meat quality is used to describe any trait or group of traits which impact the 
consumer acceptability of fresh meat products. Meat color, firmness, water holding capacity, 
ultimate pH (measured 24 hours post-mortem), shear force, and marbling or intramuscular fat 
percentage (IMF) are generally accepted as important indicators of meat quality and 
ultimately, consumer acceptance of fresh pork. Trained sensory panels have been used to 
measure taste, juiciness, tenderness, and flavor as a means to determine how consumers will 
react to meat samples that differ in one or more of the aforementioned indicators of pork 
quality. 
Export markets and up-scale, 'White Tablecloth' restaurants have indicated that color 
and IMF are two of the most important factors in determining consumer acceptance of pork 
products (Faustman and Cassens, 1990; Fernandez et al., 1999). Research projects conducted 
by the National Pork Producers Council and National Pork Board have indicated that IMF is 
influential in determining taste, juiciness, and flavor of the pork loin, and overall consumer 
acceptance and willingness to purchase pork instead of chicken (NPPC, 1995). The ideal 
level of IMF has been estimated to be between two and three percent (Barton-Gade and 
Bejerholm, 1985; De Vol et al., 1988; Gandemer et al., 1990; Ellis et al., 1996). When 
properly prepared, tenderness is not generally a problem with fresh pork products, so 
juiciness and flavor should be given higher priority in a genetic program. Since IMF is 
influential in determining juiciness and flavor (Hodgson et al., 1991; NPPC, 1995; and Huff-
Lonergan et al., 2002), this trait has become important in the genetic improvement of fresh 
pork quality. 
Three major problems exist. First, by decreasing backfat depth over the last 15 years 
to conform to packer buying systems and the health conscience consumer, IMF and other 
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meat quality traits have been negatively impacted (Schwôrer et al., 1995). However, the 
genetic correlation between backfat and IMF is low enough that genetic improvement can 
occur in both simultaneously. Additionally, the genetic correlations between IMF and other 
meat quality traits indicate when selection for increased IMF occurs, a corresponding 
improvement in other quality traits is expected. Secondly, IMF has traditionally been 
measured through sib or progeny testing programs, which slows genetic progress for the trait 
compared to direct selection for the trait in breeding animals. Thirdly, economic values for 
IMF have not been accurately estimated and continue to be difficult to determine. The lack 
of accurate and reliable estimates of economic values for IMF makes it difficult to develop 
appropriate selection indices that might include this trait. 
Researchers have shown that estimating IMF in live cattle can be done accurately 
utilizing real-time ultrasound and this procedure has improved the quality of beef while 
maintaining a constant level of backfat (Gwartney et al., 1996; Sapp et al., 2002). This thesis 
will outline the prediction of intramuscular fat percentage in live pigs using real-time 
ultrasound, provide genetic parameter estimates for this trait and its relationship with other 
meat quality traits, and show how this information can be utilized to select individuals for 
improved IMF. In addition, the relationship between individual subcutaneous backfat layers 
and meat quality traits was investigated as a means to determine the genetic correlations 
between backfat and its individual layers and IMF in pigs. 
Application of the results of this thesis includes the implementation of IMF prediction 
in the live animal using readily available real-time ultrasound technology. This technology 
will allow breeding stock suppliers to improve IMF in the animals they supply to commercial 
producers. This in turn should help improve consumer acceptance of and demand for U. S. 
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pork. Improved demand should help U. S. pork producers maintain sufficient gross revenue 
per market animal sold to remain viable in an increasingly competitive pork industry. 
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CHAPTER 2. REVIEW OF LITERATURE 
In 1970, only 3% of the hogs marketed in the United States were sold on a carcass 
merit or grade and yield program (Ikerd and Cramer, 1970). This percentage had risen to 
between 10 and 12% by 1985 (Hayenga et al., 1985). In 1988, 28% of the hogs marketed 
were sold on a carcass merit program, and this number increased to 78% by 1997 (Brorsen et 
al., 1998). As packers began procuring hogs based upon an estimate of carcass lean 
composition, producers responded and began estimating the lean composition of live hogs for 
use in selection programs. As packer buying programs evolved, researchers began 
investigating both fat and lean composition of live hogs. Real-time ultrasound made it 
possible to accurately estimate lean percentage in live hogs, making it possible to select for 
pigs with more lean muscle mass (Houghton and Turlington, 1992). This has been extremely 
effective but has had a detrimental effect on indicators of pork quality (Cannon et al., 1996; 
Stetzer and McKeith, 2003). Stetzer and McKeith (2003) estimated inferior quality pork 
products cost the industry $90 million every year. 
Since fresh pork quality has become important to the swine industry, researchers have 
investigated several different traits as indicators of meat quality (NPPC, 1995). 
Intramuscular fat percentage was found to impact taste, juiciness, and flavor, as well as 
overall consumer acceptance of fresh pork (Hodgson et al., 1991; NPPC, 1995; and Huff-
Lonergan et al., 2002). Progeny and sib testing programs were developed to measure IMF 
(Goodwin, 2000). Real-time ultrasound has been investigated as a way to estimate IMF in 
live hogs in order to decrease generation interval and increase selection intensity in a swine 
breeding program (Rag!and, 1998; Newcom et al., 2001). Live estimation of IMF has proven 
effective in beef cattle (Hassen et al., 2001), hence research in swine has closely followed the 
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methods used in the beef industry. If IMF could be estimated in live swine using real-time 
ultrasound, then this trait could be more effectively implemented in a breeding program to 
improve meat quality, just as it has been in the beef cattle industry (Gwartney et al., 1996; 
Sapp et al., 2002). 
In order to make genetic progress for any trait, the trait must measurable. One must 
also identify breeds or genetic lines, as well as individuals within these populations that are 
superior for this trait. Next, genetic parameters must be estimated and breeding values 
predicted in order to accurately identify breeding animals superior for the given trait. 
Therefore, this review of the literature will discuss IMF as an indicator of meat quality in 
pigs and how it impacts consumer acceptance of fresh pork. This will include breed and 
gender differences along with heritability estimates and genetic and phenotypic correlations. 
It will also review the use of real-time ultrasound in the estimation of marbling in beef cattle 
and swine. Finally, this review will discuss different methods of selection and how meat 
quality might be incorporated into a selection program. 
Impact of intramuscular fat percentage on meat quality 
Relationship between IMF and other measures of meat quality 
Phenotypic relationships 
The relationship between backfat and intramuscular fat measured in the carcass has 
been well documented, with fatter pigs having more IMF in general. The impact of 
intramuscular fat percentage on other meat quality characteristics has been very controversial 
during the past four decades, but may be explained in part to differences in the breed 
composition of the samples evaluated (Fjelkner-Modig and Persson, 1986). The relationship 
between marbling and tenderness in beef cattle has been well documented (Berry, 1993; 
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Wheeler et al., 1994; Platter et al., 2003). Many researchers have found IMF significantly 
affected tenderness, juiciness, and flavor in studies using pigs (Saffle and Bratzler, 1959; 
Batcher and Dawson, 1960; Murphy and Carlin, 1961; Kauffman et al., 1964; Hiner et al., 
1965; De Vol et al., 1988; Ramsey et al., 1990; Hodgson et al., 1991; NPPC, 1995; and Huff-
Lonergan et al., 2002) while others found no relationship among these traits (Judge et al., 
1960; Skelley et al., 1973; Eikelenboom et al., 1996). Following are details of some of these 
studies. 
Saffle and Bratzler (1959) evaluated 75 carcasses comprised of pigs grouped into 
three average backfat groups, 28 to 33 mm, 33 to 41 mm, and 41 to 48 mm, to investigate the 
effect of backfat level and IMF on various meat quality traits. Warner-Bratzler shear force 
(WBS) was measured on two 25.4 mm chops from each of three locations on the carcass: the 
8th, 9th, and last ribs. Sensory traits were evaluated by a 12-member panel using a nine-point 
scale. Intramuscular fat percentage was determined by ether extraction. Drip loss was 
measured as the difference between the frozen meat weight and the thawed meat weight after 
48 hours. 
Correlations between IMF and the drip loss percentage of the loin section from the 3rd 
to 10th rib and the section from the 10th to last rib were -0.53 and -0.35, respectively (Saffle 
and Bratzler, 1959). Higher IMF values resulted in higher sensory evaluations and lower 
shear force values with correlations of 0.31 and -0.47, respectively. The correlation between 
backfat and IMF was 0.41. Significantly different sensory panel scores were found in pork 
from the different backfat groups. 
Batcher and Dawson (1960) harvested loins and hams from 12 gilts to investigate the 
effect of backfat thickness on pork quality and to determine which muscles should be used 
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when measuring pork quality to best rank animals. Marbling score was evaluated on the 10th 
rib face of the loin using a five-point scale, slight (1) to abundant (5). Tenderness was 
measured objectively using a Lee-Kramer shear press. Intramuscular fat percentage was 
evaluated using petroleum ether extraction. Color was measured objectively using a Gardner 
Color Difference meter. A four-member trained sensory panel evaluated chops subjectively 
for juiciness, tenderness, flavor, and general acceptability on a nine-point scale. 
Muscle quality measurements varied among the different muscles on which they were 
measured (Batcher and Dawson, 1960). Wide variations in tenderness were seen in the 
different muscles of the ham. When evaluating raw muscle samples using the Lee-Kramer 
press, the adductor was determined to be the most tender muscle of the ham while the biceps 
femoris was the least tender. It was also found that the anterior end of the longissimus dorsi 
was more tender than the posterior end. When the cooked product was evaluated, there were 
no differences in tenderness, measured with the Lee-Kramer press, between either end of the 
longissimus. The sensory panel also found no differences in tenderness between the anterior 
and posterior ends of the longissimus. The longissimus dorsi was lighter in color than the 
muscles in the ham. More variation in IMF was found in the longissimus than in the ham. 
The IMF content of one muscle did not always correspond with the IMF of another muscle 
from the same carcass. The IMF in the longissimus dorsi was generally higher when 
compared to corresponding values from the ham of the same carcass. No one muscle was 
found to be the best for evaluating fresh or cooked meat quality. 
The correlations between backfat, marbling score, and IMF with Lee-Kramer shear 
value were not significantly different from zero (Batcher and Dawson, 1960). The 
correlation between IMF and marbling score was 0.80; indicating subjective assessment of 
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marbling is similar to a lab analysis. Correlations between sensory panel tenderness and 
marbling score, IMF, and Lee-Kramer shear value were 0.84, 0.86, and -0.91, respectively. 
This shows subjective evaluation of tenderness was evaluating chops similarly to the Lee-
Kramer press. Correlation coefficients between sensory panel juiciness and marbling score 
and IMF were 0.86 and 0.91, respectively. Intramuscular fat percentage accounted for 65% 
of the variation in tenderness and juiciness scores. These results show differences in IMF 
and marbling score did cause some differences in tenderness and juiciness evaluated by the 
sensory panel. 
Judge et al. (1960) evaluated 54 pork loins to quantify the relationships between 
visual characteristics and palatability traits of pork. Loins were classified subjectively based 
on color, marbling, and firmness of the longissimus muscle at the 10th rib 48 h post-mortem. 
Subjective evaluations were based on a three-point scale for each trait. Color was scored as 
light, grayish-pink, or dark. Marbling was scored as slight, moderate, or abundant. Firmness 
was scored as soft, intermediate, or firm. Intramuscular fat percentage was determined by 
the method of Wierbicki et al. (1957) on a sample of the loin from the 8th to 10th ribs. 
Sensory evaluation was performed by a six-member panel evaluating duplicate samples for 
tenderness, juiciness, and flavor using a scale from 1 to 10. 
The correlation between visual marbling score and IMF was 0.76, indicating visual 
appraisal of marbling could be an accurate estimate of IMF (Judge et al., 1960). The only 
other significant correlations were between marbling and moisture content (-0.62), marbling 
score and juiciness (0.40), IMF and firmness (0.37), and IMF and moisture percentage 
(-0.84). No significant correlations were found between IMF and tenderness, juiciness, or 
flavor. 
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Murphy and Carlin (1961) evaluated 96 paired pork loins classified by backfat 
thickness, from 25.4 to 58.4 mm, in 2.54 mm increments. Marbling was assessed 
subjectively on the loin muscle at the 10th rib and 4th lumbar vertebrae using a 1 (slightly) to 
5 (abundant) scale. Six trained sensory panelists subjectively scored loin samples for 
tenderness, juiciness, and flavor using a nine-point scale. Warner-Bratzler shear force was 
also evaluated as an objective measure of tenderness. 
Backfat level had no impact (P > 0.05) on subjective tenderness, juiciness, or flavor 
(Murphy and Carlin, 1961). There was a significant regression of marbling on backfat (0.80) 
and backfat on Warner-Bratzler shear force value (WBS) (-3.9), indicating fatter pigs had 
more marbling and lower shear force values. Marbling did have a significant positive 
relationship with tenderness and juiciness, showing a one unit improvement in tenderness or 
juiciness for each two unit increase in marbling. Marbling had no impact on flavor. 
Kauffman et al. ( 1964) evaluated loins from 439 pig carcasses to determine the 
relationship between IMF and "qualitative and quantitative carcass traits." Intramuscular fat 
percentage was determined using a section of the loin from the 9th to 13th ribs and diethyl 
ether extraction. Shear force value was measured on a cooked loin chop. Sensory panelists 
evaluated loin samples for tenderness, juiciness, and flavor. 
Loin samples with higher IMF values were associated with more desirable flavor, 
juiciness, and tenderness values as assessed by the sensory panel (Kauffman et al., 1964). 
Loins with higher IMF values also had lower curing and cooking losses. Intramuscular fat 
percentage explained 50% of the variation in sensory panel juiciness scores. Correlations 
between IMF and tenderness, juiciness, flavor, and shear force value were 0.44, 0.70, 0.38, 
and -0.35, respectively, and were all different (P < 0.05) from zero. The correlation between 
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IMF and percent lean cuts in the carcass was -0.37, indicating pigs with more external fat 
generally had more IMF. When plotting IMF against composite sensory panel score, and 
making the mean score the cut-off between acceptable and unacceptable quality, a threshold 
value of 5.0% IMF (subjective marbling score 3) was the point where the regression line 
crossed the mean composite sensory panel score. This threshold is slightly higher than that 
found by later researchers (Barton-Gade and Bejerholm, 1985; De Vol et al., 1988;Gandemer 
et al., 1990; Ellis et al., 1996;). 
Hiner et al. (1965) evaluated IMF and eating quality traits on loins from 111 
Yorkshire and 119 Duroc barrows and gilts. Intramuscular fat percentage was determined by 
ether extraction from a sample of the loin from the last three thoracic and first three lumbar 
vertebrae. Sensory panel evaluations included flavor of both fat and lean, juiciness, and 
tenderness. Objective tenderness was measured using the WBS. 
Correlations were analyzed within breed (Hiner et al., 1965). Within both breeds, the 
correlation between backfat thickness and IMF was not significantly different from zero. For 
both breeds, the correlations between IMF and WBS and juiciness were -0.29 and 0.46, 
respectively for the Durocs, and -0.26 and 0.38, respectively, for the Yorkshires. The 
correlation coefficient between IMF and tenderness was 0.45 for the Duroc breed and was 
not significantly different from zero for the Yorkshires (0.22). The only significant 
correlations with longissimus muscle area were with IMF (-0.34 and -0.32 for Durocs and 
Yorkshires, respectively) and tenderness (-0.28 and -0.30 for Durocs and Yorkshires, 
respectively). This indicates that as loin size gets larger, IMF and tenderness tend to 
decrease. 
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Hedrick et al. (1968) investigated the relationships between carcass and meat quality 
characteristics using 123 Duroc and 155 Hampshire barrows. Subjective scores were 
measured on the 10th rib face of the loin and assessed based on a scale of 1 (devoid) to 10 
(abundant) for marbling, 1 (soft) to 4 (firm) for firmness, and 1 (very pale) to 4 (dark) for 
color. Cooking loss and WBS were measured on samples from the 10th rib area of the loin. 
Data were analyzed within breed and with both breeds pooled together. 
Correlation coefficients between marbling score and firmness were 0.53, 0.42, and 
0.41, respectively, for the Duroc, Hampshire, and pooled analyses (Hedrick et al., 1968). 
Between marbling score and color score, correlations were 0.22, 0.29, and 0.34, respectively, 
for the Duroc, Hampshire, and pooled analyses. 
Arganosa et al. (1969) reported phenotypic correlations between visual marbling 
score and WBS, backfat, loin muscle area, and percent lean (-0.12, 0.02, -0.18, and -0.08, 
respectively). Corresponding phenotypic correlations with MF were -0.11, 0.09, -0.23, and 
-0.08, respectively. 
Loins from 263 pork carcasses were utilized by Skelley et al. (1973) to investigate the 
relationships between meat quality measures and meat palatability traits. Duroc, Hampshire, 
Poland China, and Berkshire pigs were included in the study and harvested at a mean live 
weight of 80 kg. Ether extraction of the loin at the 11th rib was used to determine IMF. 
Marbling was determined using the Wisconsin standards of 1 to 5 scoring (Wisconsin Pork 
Quality Standards, 1963). Samples from the 6th to 10th ribs were used for Warner-Bratzler 
shear force evaluation and juiciness, tenderness, flavor, and preference assessed by a six-
member sensory panel. 
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Correlation coefficients between marbling score and flavor, juiciness, tenderness, and 
preference assessed by the sensory panel were low and not different (P > 0.05) from zero (~ 
0.01 to 0.07) (Skelley et al., 1973). The correlation between marbling and WBS was also not 
significantly different from zero. The chemical analysis for IMF was not found to be 
significantly correlated to shear force or sensory evaluations for tenderness, juiciness, flavor, 
or preference. 
Davis et al. (1975) evaluated 403 wholesale pork loins to determine the impact of 
IMF and marbling on sensory evaluations of pork. The correlations between IMF and 
sensory panel evaluations of tenderness, juiciness, flavor, and overall satisfaction were 0.41, 
0.42, 0.12, and 0.41, respectively. The corresponding correlations with marbling were 0.34, 
0.49, 0.08 (NS), and 0.47, respectively. Intramuscular fat percentage was significantly 
correlated with WBS (-0.43). Using means separation analysis for three marbling groups, the 
high marbling group had significantly higher sensory panel scores for tenderness, juiciness, 
and overall satisfaction. 
Fjelkner-Modig (1986) and Fjelkner-Modig and Tornberg (1986) studied loins from 
60 pigs comprising the Swedish Hampshire, Landrace, and Yorkshire breeds. Intramuscular 
lipid content was determined by the SBR method, an extraction method using diethyl and 
petroleum ether. Sensory traits were evaluated by a 12-member panel comprised of both 
men and women. Attributes were evaluated using a nine-point scale and included: visible 
juiciness, elasticity, initial juiciness, dryness in mouth, hardness, stringyness, chewing time, 
chewing residual, and total flavor intensity. 
Relationships between IMF and sensory attributes were evaluated within each breed 
using step-wise, multiple linear regression analysis. No relationship was detected between 
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IMF and the sensory traits evaluated for the Hampshire breed. Within the Swedish Landrace 
breed, a decrease in IMF negatively impacted juiciness and tenderness. A decrease in IMF 
had a tendency to be related to a decrease in tenderness and juiciness within the Swedish 
Yorkshire pigs evaluated. No significant relationship was detected between IMF and overall 
flavor for any of the three breeds (Fjelkner-Modig, 1986; Fjelkner-Modig and 
Tornberg,1986). 
De Vol et al. (1988) collected a random sample of 120 pork carcasses to investigate 
variation in pork quality and the relationships between carcass and chemical composition and 
meat quality traits in pork. Color, firmness, and marbling were evaluated (Wisconsin Pork 
Quality Standards, 1963) on the face of the 10th rib sample of the longissimus dorsi. 
Intramuscular fat percentage was determined by extraction with chloroform methanol. 
Warner-Bratzler shear force and sensory panel evaluations were performed using samples 
from the loin that encompassed the 10th rib back to the 3rd lumbar vertebra. Sensory panel 
evaluations for juiciness, tenderness, amount of connective tissue, and flavor were performed 
by a trained, six-member panel using a 15-cm line scale with higher values being more 
desirable. 
Intramuscular fat percentage was significantly correlated with WBS (-0.29), 
tenderness (0.32), amount of connective tissue (0.34), flavor (0.23), juiciness (0.21), and 
visual marbling (0.50) (De Vol et al., 1988). This study demonstrates that samples with 
greater amounts of IMF tended to be more tender, both subjectively and objectively, more 
flavorful, and more juicy. One disadvantage observed was samples with high IMF values 
also tended to have more connective tissue. The correlation between marbling and juiciness 
was 0.23. None of the remaining sensory panel traits or WBS were significantly correlated 
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with marbling. In an attempt to quantify a minimum IMF threshold value required to 
maintain adequate tenderness, samples were ranked by WBS, divided into five groups of 
equal size, and analyzed for IMF. There were no differences in IMF values between the four 
lowest groups based on WBS. The minimum level of IMF below which chops were 
significantly tougher was determined to be between 2.5 and 3.0%. In this study, IMF above 
this level had little impact on tenderness. 
Ramsey et al. (1990) evaluated 216 barrow and gilt carcasses to determine the effect 
of marbling on tenderness. As marbling score or IMF increased, WBS and Armour 
Tenderometer measures decreased linearly (P < 0.002). Correlation coefficients between 
marbling score and IMF, Armour Tenderometer value of fresh chop, Armour Tenderometer 
value of cooked chop, and WBS were 0.46, -0.05 (NS), -0.35, and -0.35, respectively. 
Correlations between IMF and Armour Tenderometer value of fresh chop, Armour 
Tenderometer value of cooked chop, and WBS were -0.10 (NS), 0.17 (NS), and -0.24, 
respectively. 
Seventy-two pork loins were selected to encompass a wide range of marbling scores, 
ranging from "practically devoid" to "abundant", to investigate the relationships between 
physical quality indicators and palatability traits (Hodgson et al., 1991). Juiciness, 
tenderness, and overall palatability scores were obtained by a six-member trained sensory 
panel using an eight-point descriptive scale. Objective tenderness was assessed by WBS. 
Intramuscular fat percentage was determined by diethyl ether extraction. Color was 
objectively measured using a spectrophotometer with an attached light reflectance probe. 
Cooking loss was measured as the difference between raw and cooked weight. 
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Intramuscular fat percentage and subjective marbling score were significantly 
correlated with each other (0.86), and with each of the other meat quality and sensory traits 
(Hodgson et al., 1991). The correlations of IMF with objective color, percent cooking loss, 
WBS, juiciness, and overall palatability were 0.53, -0.24, -0.48, 0.65, and 0.51. The 
correlations of subjective marbling with each of these traits were similar to those of IMF. 
This indicates loin samples with greater amounts of IMF or marbling tend to be lighter in 
color, lose less moisture while cooking, are more tender, are more juicy, and are more 
palatable. When separating the loins into three groups by WBS, juiciness, or overall 
palatability score, the samples in the most desirable category had significantly higher levels 
of IMF. 
When evaluating pork loins from three different pig genotypes, Casteels et al. (1995) 
found IMF was significantly correlated with sensory panel traits. The global correlation 
coefficients between IMF and tenderness, juiciness, and taste were 0.39, 0.43, and 0.28, 
respectively. However, after correcting for the genetic background of the samples, these 
correlations dropped to a level below significance (0.13, 0.22, and 0.08, respectively). This 
could be due to breed differences in IMF, which negate the effect of IMF on sensory traits. 
Eikelenboom et al. (1996) selected 30 of 80 pork loins based on variation in IMF 
determined by the Foss-Let method. After selection, IMF was evaluated using the Soxhlet 
method (petroleum ether extraction). Drip loss and shear force value were measured on a 
section of the longissimus dorsi from the lumbar region. A 25-member sensory panel 
evaluated the thoracic section of the loin for tenderness, juiciness, and flavor. An attempt 
was also made to determine a minimum threshold for IMF to guarantee adequate eating 
quality. Loins were classified by IMF into four classes: < 1%, 1 to 2%, 2 to 3%, and > 3%. 
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Correlation coefficients between IMF and shear force value, tenderness score, and 
flavor score were 0.01, 0.30, and 0.30, respectively, but were not different (P > 0.05) from 
zero (Eikelenboom et al., 1996). Juiciness score was significantly correlated with IMF 
(0.33). No significant differences in eating quality traits were found between adjacent IMF 
classes, indicating a minimum threshold could not be determined in this study. 
To assess the effect of IMF on consumers' willingness to purchase pork and their 
perception of sensory traits after preparation, Fernandez et al. (1999) selected 32 loins from 
125 Duroc X Landrace barrows with large variability in longissimus lumborum IMF. Before 
preparation, an increase in IMF led to a decreased willingness to purchase pork, presumably 
due to the increased appearance of fat and the nutritional stigma associated with it. However, 
after preparation, consumers gave the samples with increased IMF, up to 3.5%, the highest 
evaluations for texture and taste. Similarly, consumers gave the highest overall palatability 
scores for samples with increased IMF up to 3.5%. 
Brewer et al. (2001) evaluated whole boneless loins from 42 commercial line pigs to 
determine the effect of marbling on sensory attributes evaluated by consumers in a controlled 
setting and when prepared at home. Loins were targeted to fall into three IMF categories: 
low (< 1.0%), medium (2.0 to 2.5%), or high (3.0 to 3.5%). Intramuscular fat percentage was 
determined by chloroform methanol extraction. Sensory traits were evaluated at a central 
testing site by 150 consumers recruited from the local population. Samples were evaluated 
for intent to purchase, color, marbling, and overall acceptability using a five-point scale with 
higher numbers indicating more willingness to purchase, darker color, more marbling, and 
more acceptable. Consumers then evaluated cooked samples from each of the three marbling 
categories for tenderness, juiciness, and flavor. Each consumer then selected a package of 
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chops from a selection of 20 to take home to prepare and evaluate in a manner similar to the 
central site testing procedure. 
Mean IMF levels in the low, medium, and high marbling categories were 1.05, 2.33, 
and 3.46%, respectively, and very close to the targeted range (Brewer et al., 2001). When 
selecting pork to take home, consumers selecting low, medium, and highly marbled chops 
were 42, 40, and 18%, respectively. Of the samples in the highest intent to purchase 
category, most were from the low marbling group, indicating consumers can see marbling 
differences and avoid higher amounts for nutritional or perceived health reasons. Similarly, 
of the samples in the lowest intent to purchase category, 50% were from the high marbling 
group. In contrast, during the blind taste test, consumers gave higher tenderness, juiciness, 
and flavor scores to the samples from the high marbling category. All this shows the 
disparity between acceptability and intent to purchase based on visual appraisal of raw 
product versus that based on cooked taste panel results. Sensory attributes for samples 
evaluated at home were higher than for the samples evaluated at the testing site. All samples 
were regarded as juicy, tender, and flavorful and would be purchased, regardless of marbling 
group. This shows differences in preparation methods and consumer expectations could lead 
to differences in sensory attributes. 
To determine the influence of IMF on tenderness, van Laack et al. (2001) mated 
Yorkshire X Landrace sows to Berkshire, Duroc, or Hampshire boars to obtain a wide range 
of IMF values. A total of 176 pigs were harvested and loin samples from the 10th rib of the 
carcass were removed. Intramuscular fat percentage was determined using ether extraction. 
Samples were evaluated for WBS at 2, 7, and 14 d post-mortem. 
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When the loins from Duroc-sired pigs were evaluated, IMF was significantly 
correlated with WBS at 2, 7, and 14 d post mortem (-0.39, -0.44, and -0.46, respectively) 
(van Laack et al., 2001). The relationship between IMF and WBS was linear and IMF 
accounted for 47% of the variation in WBS. In Berkshire- and Hampshire-sired pigs, no 
relationship was detected between IMF and WBS at 2, 7, or 14 d post-mortem. These results 
show increasing IMF without considering genetic background may not necessarily improve 
tenderness. 
Huff-Lonergan et al. (2002) evaluated 525 Berkshire X Yorkshire F% pigs to 
determine the phenotypic relationships between pork carcass measures and different aspects 
of meat quality. Backfat and loin muscle area were measured on the split surface at the 10th 
rib. Subjective scores for color, firmness, and marbling were assessed at the 10th rib using 
the five-point scale developed by the National Pork Producers Council (NPPC, 1991). At 24 
and 48 h post-mortem, pH was measured. Color was measured objectively using a Hunterlab 
Miniscan. Intramuscular fat percentage was determined by chloroform methanol extraction. 
Drip loss was measured by placing a sample in a plastic bag for 72 h. Cooking loss was 
measured as the difference between raw and cooked weight of a 2.54 cm chop. Objective 
tenderness was measured by an Instron Universal Testing Machine fitted with a circular, 
five-point star probe. Subjective assessment of tenderness, juiciness, flavor, and off-flavor 
scores were evaluated by a highly trained sensory panel using a ten-point scale, with higher 
values indicating more of a given attribute. 
Subjective marbling score was highly correlated with subjective firmness (0.37), drip 
loss (-0.12), cooking loss (-0.11), Instron star probe force (-0.27), and sensory tenderness 
(0.21), flavor (0.20), and off-flavor scores (-0.15) (Huff-Lonergan et al., 2002). Marbling 
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was also significantly correlated with backfat (0.38), loin muscle area (-0.25), pH at both 24 
(0.13) and 48 h (0.15) post-mortem, and IMF (0.57). Intramuscular fat percentage was 
significantly correlated with subjective color (-0.15) and firmness (0.31), cooking loss (0.12), 
Instron star probe force (-0.14), and sensory tenderness (0.19), flavor (0.23) and off-flavor 
score (-0.19). Intramuscular fat percentage was also highly correlated with backfat (0.45), 
loin muscle area (-0.27), and objective color (0.33). 
Genetic relationships 
Many of the studies mentioned previously focused on the phenotypic relationships 
between IMF and other meat quality traits. At the packer, processor, and consumer levels, 
this relationship is the one of interest. However, at the breeding stock and commercial 
producer levels, the genetic relationships among the traits are most important. We must 
know what impact that genetic improvement of IMF will have on growth, carcass, meat, and 
eating quality traits. Arganosa et al. (1969) estimated genetic correlations between 
marbling score and shear force value, backfat, loin muscle area, and percent lean (0.36, -0.56, 
-0.01, and 0.48, respectively). Correlations between IMF and shear force value, backfat, loin 
muscle area, and percent lean were 0.16, -0.14, 0.37, and 0.36, respectively. Hermesch 
( 1997) reported means and ranges from eight studies of genetic correlations between IMF 
and production and meat quality traits. Mean correlations between IMF and pH 24 h post­
mortem, color, drip loss, growth rate, and backfat were 0.11, -0.08, -0.15, 0.10, and 0.42, 
respectively. Ranges for genetic correlations for the corresponding trait pairs were -0.18 to -
0.39, -0.33 to 0.07, -0.23 to -0.07, -0.16 to 0.36, and 0.05 to 0.60, respectively. Knapp et al. 
(1997) reported genetic correlations between IMF and lean meat content were -0.31, -0.05, 
and 0.02, respectively, from Large White, Landrace, and Pietrain pigs. 
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Sellier (1998) reported a range of genetic correlations between IMF and drip loss, 
water-holding capacity, cooking loss, color, tenderness, and overall acceptability. These 
ranges were -0.23 to 0.05, 0.02 to 0.22, -0.03 to 0.23, -0.12 to 0.15, -0.08 to 0.53, and 0.54 to 
0.68, respectively, with mean correlation values of -0.08, 0.12, 0.07, 0.01, 0.15, and 0.61, 
respectively (Cameron, 1990b; Hovenier et al., 1992; Lo et al., 1992b; Berger et al., 1994; de 
Vries et al., 1994; and NPPC, 1995). 
Hermesch et al. (2000b) reported genetic correlations between IMF and early growth 
rate, late growth rate, feed intake, and feed conversion ratio of 0.01, -0.21, 0.03, and 0.21, 
respectively. Genetic correlations between IMF and various measures of backfat depth 
averaged 0.27. The correlation between IMF and loin muscle depth was 0.16. Genetic 
correlations with other meat quality traits were also estimated. Correlations between IMF 
and pH 45 min post-mortem, pH 24 h post-mortem, longissimus color, and drip loss were 
0.48, -0.20, 0.26, and -0.06, respectively. 
Hermesch et al. (2000c) reported genetic correlations between IMF and reproductive 
traits in Large White and Landrace pigs. Genetic correlation estimates between IMF and 
number born alive in the first, second, and third parity were -0.11, 0.08, and 0.11, 
respectively. Corresponding genetic correlations between IMF and litter weight were -0.37, 
-0.32, and -0.26. 
Breed differences 
After identifying the traits needed in a selection program, breeds or genetic lines must 
be identified that can improve the economically important traits of interest to be used in the 
breeding program. Numerous studies have been conducted and determined breeds differ in 
their ability to deposit intramuscular fat. Table 1 shows breed differences for IMF found by 
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researchers around the world utilizing a variety of breeds. Similarly, Table 2 shows breed 
differences for subjective marbling score. From these tables, it is clear that breeds indeed 
differ in intramuscular fat percentage. When compared to other breeds, Duroc-sired pigs 
(whether purebred or crossbred) have been found by most researchers to have significantly 
greater amounts of IMF (Hiner et al., 1965; Allen et al., 1966; Jensen et al., 1967; Dazzi et 
al., 1987; Barton-Gade, 1990; Cameron, 1990a; Hovenier et al., 1992; Lo et al., 1992a; 
Oliver et al., 1993, Goodwin, 1994; NPPC, 1995; Affentranger et al., 1996; Bal] et al., 1996; 
Wood et al., 1996; Enfàlt et al., 1997; Suzuki et al., 2001; van Laack et al., 2001; Brewer et 
al., 2002; Edwards et al., 2003; Suzuki et al., 2003; and Newcom et al., 2004). Berkshire-
sired pigs have been found to generally have more IMF than most other breeds and have 
significantly superior eating quality traits, although this is confounded with the tendency for 
the Berkshire breed to have increased pH as well. 
Gender differences 
In the United States, most market pigs sold are either barrows or gilts, with relatively 
few intact males marketed. With this in mind, gender differences in meat quality in general, 
and IMF in particular, must be discussed. Table 3 shows results from many studies 
investigating gender differences. Very few meat quality studies have been conducted that 
include boars. Of those which included boars, Wood et al. (1986) found no differences in 
IMF between boars and gilts; Beattie et al. (1999) and Channon et al. (2004) found gilts had 
greater amounts of IMF than boars. Burgess et al. (1966) and Barton-Gade (1987) evaluated 
boars, gilts and barrows and found barrows had the greatest amount of IMF and were 
different (P < 0.05) from gilts with boars being intermediate. Malmfors and Nilsson (1978) 
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found significant differences between all three genders, with barrows having the highest 
IMF, followed by gilts, and boars having the least. 
Most researchers have found barrows had greater amounts of IMF than gilts (Hiner et 
al., 1965; Malmfors and Nilsson, 1978; Goodwin, 1994; Oliver et al., 1994; NPPC, 1995; 
Leach et al., 1996; Suzuki et al., 2001; Latorre et al., 2003; Suzuki et al., 2003; and Newcom 
et al., 2004). Many workers have found barrows also had greater subjective visual marbling 
scores than gilts (NPPC, 1995; Ball et al., 1996; Ellis et al., 1996; and Enfàlt et al., 1997). 
Some researchers have found no differences in IMF between barrows and gilts (Skelley and 
Handlin, 1971; Fjelkner-Modig and Torn berg, 1986; Enfalt et al., 1997; Suzuki et al., 1997; 
Latorre et al., 2004; and Olsson, 2004). 
Heritability estimates 
Intramuscular fat percentage and visual marbling score have been found to be 
moderately to highly heritable traits which should indicate sufficient additive genetic 
variation is present to make genetic progress. Jensen et al. (1967) reported the heritability of 
IMF and marbling score were 0.86 and 0.19, respectively. Arganosa et al. (1969) reported 
heritability estimates for IMF and marbling score of 0.42 and 0.28, respectively. Sellier and 
Monin (1994) reported an average (across 14 studies) heritability of 0.48 with a range of 0.26 
to 0.86. Sellier ( 1998) updated these values and reported the average heritability from 19 
studies of 0.50, with the same range as the previous review. Hermesch (1997) reviewed 
many studies (n = 8) and reported the average heritability of IMF was 0.45, with a range of 
0.36 to 0.61. Knapp et al. (1997) reported heritability estimates for IMF from Large White, 
Landrace, and Pietrain records (0.38, 0.67, and 0.42, respectively). Sonesson et al. (1998) 
estimated heritability for visual marbling score (0.24) from two lines of pigs selected for 
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either low or high backfat thickness. Hermesch et al. (2000a) reported the heritability of IMF 
was 0.35 from Large White (n = 1799) and Landrace (n = 1522) boars. Suzuki et al. (2002) 
reported the heritability of IMF was 0.50 from their selection project to improve IMF. 
In beef cattle, Stelzleni et al. (2002) reported the heritability of IMF predicted from 
real-time ultrasound was 0.16 using Brangus field records (n = 1299). Hassen et al. (2003) 
reported heritability estimates for IMF predicted from real-time ultrasound from 675 serially 
measured Angus bulls and heifers scanned five times from 28 wk of age to 63 wk of age. 
Heritability estimates for scans 1 to 5 were 0.36, 0.40, 0.45, 0.50, and 0.54, respectively. 
Heritability estimates were greatest at around one year of age, which is the target age at 
which ultrasound traits are adjusted. Genetic correlations between serially measured IMF 
values were greatest between 48 and 56 wk of age. 
Prediction of intramuscular fat percentage 
Cattle 
Quality and yield grades as assessed by United States Department of Agriculture 
employees in beef packing plants are the basis for pricing in the beef industry today. Yield 
grade is evaluated by a trained USDA grader on the ribbed beef carcass between the 12th and 
13th ribs. Yield grade is estimated preliminarily by fat thickness of the longissimus (PYG 1 = 
0 mm, PYG 3 = 10 mm, and PYG 5 = 30.5 mm). The final yield grade is then estimated by 
adjusting the preliminary yield grade for percent kidney/heart/pelvic fat, hot carcass weight, 
and ribeye area. Cattle falling into the yield grade 4 (~ 20.3 mm fat thickness) category and 
higher are discounted severely in today's procurement programs. Quality grade is also 
determined by a trained USDA grader using the face of the longissimus muscle at the 12th -
13th rib junction. Quality grade is determined by a combination of maturity and marbling of 
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the longissimus muscle. Marbling scores are assessed using a 10-point scale (1 = abundant 
to 10 = devoid). To grade in the Choice grade, cattle must have a Small marbling score (6) 
and be of A maturity (younger than 30 months of age, assessed by bone color, density, etc.). 
Cattle falling into the select quality grade are also discounted quite heavily, from $4 to $20 
per hundredweight of carcass. 
Real-time ultrasound has been used for many years as an accurate means of 
estimating fat thickness (the primary driver of yield grade) and ribeye area for sorting and 
selecting cattle for market to reduce the discounts seen by cattle feeders (Houghton and 
Turlington, 1992). Real-time ultrasound was adopted due to its ability to reflect fatty-tissue, 
noninvasiveness and ease of use, and relatively low cost (Izquierdo et al., 1996). This 
technology has also been implemented into selection programs as a means of identifying 
superior breeding cattle in 16 beef breeds, including Angus, which has the highest numbers 
of animals registered (Gwartney et al., 1996; Sapp et al., 2002). Within the last decade, real­
time ultrasound technology has been shown to accurately estimate IMF in beef cattle as a 
means of estimating marbling score of live cattle, and thereby assisting in sorting and 
selecting cattle for market based on quality grade (Brethour, 1994). Producers have also 
begun to use this information as a way to identify breeding cattle superior for marbling for 
use in their breeding programs (Gwartney et al., 1996; Sapp et al., 2002). The following is a 
review of the prediction of IMF in beef cattle. 
The first known attempt to evaluate IMF in live cattle was reported by Rouse et al. 
( 1989). Serial biopsies of the longissimus muscle were taken to evaluate IMF in the live 
animal at different times during the feeding period. For steers, the linear and quadratic 
function of days on feed accounted for 41 % of the variation in IMF. 
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Utilizing an Aloka 210 model ultrasound machine, Brethour (1990) scanned 14 
groups of cattle in order to determine if ultrasound "speckle" could be used as an indicator of 
marbling in feedlot cattle. Speckle score was subjectively assigned to each image using a 
seven-point scale; higher scores indicated greater levels of marbling. Speckle scores were 
highly repeatable with correlations between subsequent scans on the same animal equal to 
0.90. Correlation coefficients between predicted speckle score and visual marbling scores 
ranged from 0.22 to 0.77. The accuracy of correctly classifying animals into the proper 
marbling category ranged from 61.8 to 100%. Although the correlations and prediction 
accuracies were fairly high, the speckle score only accounted for 25 to 30% of the variation 
in marbling score. This study suggests visual appraisal of ultrasound images can classify 
cattle into marbling classes, however, computer interpretation of ultrasound images could 
prove to enhance the predictive ability of ultrasound. 
Whittaker et al. (1992) ultrasonically scanned 35 live cattle and 57 carcasses, which 
included the 35 scanned live. This was done to evaluate differences in animal movement and 
pre-harvest handling and their effect on predictive ability. Whether scanned live or in the 
carcass, five cross-sectional images were collected between the 12th and 13th ribs. Marbling 
scores were determined shortly after harvest. Chemical IMF data was not collected. The 
region of interest (ROI) analyzed within each image was 128 X 128 pixels. Image intensity 
was the first parameter evaluated. Mean, standard deviation, and number of pixels with 
intensity greater then zero were calculated. Fourier statistics were used as indicators of 
image texture. The Fourier transformation calculated the mean and standard deviations for 
the distances from the outlying pixels to the center of the image in the Fourier spectrum. 
Increased distances between pixels and the center represented greater levels of marbling. 
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Fractional dimension was also used to indicate image texture. Fractional dimension was 
defined as "the ratio of the curvilinear distance from some boundary to the linear distance 
from end point to end point." Attenuation of image intensity or slope was defined as the 
mean intensity values of columns in the image. 
From the cattle scanned live, the strongest correlations between marbling score and 
image parameters occurred with Fourier standard deviation (0.43), Fourier mean (0.33), and 
image intensity standard deviation (-0.31) (Whittaker et al., 1992). Prediction equations from 
the cattle scanned live were better predictors of marbling score than those developed from the 
carcass scans (R2, 0.66 vs. 0.45). The best equation included eight image parameters. An 
analysis of ultrasonic frequency showed a prediction equation with higher R2 (0.92) than the 
equation from image parameters alone. This equation included number of local maxima in 
the Fourier spectrum, central frequency, peak frequency, and skewness. This study showed 
image parameters and frequency analysis from ultrasonic images could be used to predict 
carcass marbling scores of live cattle. 
Rouse et al. (1992) found the histogram function (determined by pixel count in each 
of the 64 shades of gray) could be used to evaluate ultrasonic images and predict IMF in beef 
cattle. Multiple regression equations were developed which included the 64 shades of gray 
as independent variables and IMF or visual marbling score as the dependent variable. The 
histogram parameters accounted for 41 to 46% of the variation in marbling score and 34 to 
44% of the variation in IMF, depending on scan location and whether or not a stand-off guide 
was attached to the probe. 
Wilson et al. (1993) compared four models used for predicting IMF using real time 
ultrasound of live animals: 1.) including only Fourier transformation image parameters, 2.) 
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adding backfat at the 12th-13th rib junction, 3.) adding animal age and histogram image 
parameters, and 4.) one which includes "factor and score analysis parameters" for the 
histogram parameters and an "image analysis moment descriptor parameter." Multiple 
regression coefficients for the four models were 0.44, 0.63, 0.67, and 0.70, respectively, for 
Models 1,2 3, and 4. Root mean square errors dropped from 1.46% in Model 1 to 1.14% in 
Model 4. Pearson product moment and Spearman rank correlation coefficients between 
actual and predicted IMF increased as more information was added to the prediction model 
and were greatest for Model 4 (0.77 and 0.72, respectively). 
Brethour (1994) evaluated 108 mixed market steers that represented a cross-section of 
the Bos Tau ras breeds to evaluate if computer interpretation could be used to predict carcass 
marbling score in live cattle. Images were collected with an Aloka 210 ultrasound machine 
with a 16-level gray scale and saved to a standard VCR tape. Three frames per animal were 
digitized for analysis of a rectangular Region of Interest (ROI) (40 X 80 mm) within each 
frame. The ROI was a "uniformly echoic" region over the longissimus muscle. Image 
parameters evaluated included first-order pixel values such as mean, standard deviation, 
skewness, and kurtosis. Markovian texture parameters were analyzed to quantify texture by 
detecting the non-randomness in the values of pairs of pixels. Wave structure regularity was 
identified by autocorrelations from Box-Jenkins time series methodology (Pankratz, 1983). 
Other image parameters included fractional dimension, mean run length, and gray level 
distributions. The single strongest correlation between marbling score and an image 
parameter occurred with the variance in wave amplitude. This study suggested that second-
order statistics are more invariant to image quality caused by transducer contact, hair coat, or 
attenuation when compared to the first-order statistics. Results from this study showed 
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promise for the ability to predict carcass marbling score with ultrasound. The mean 
difference between predicted and actual marbling score was 0.59 marbling score units and 
the R2 of the multiple regression equation with three image parameters used to predict 
marbling score was 0.52. 
Longissimus muscle samples were collected from 124 beef carcasses to evaluate the 
ability of A-mode ultrasound to predict IMF via differences in wave speed through meat 
(Park et al., 1994). Marbling scores were evaluated after harvest. Intramuscular fat 
percentage was determined by ether extraction. Ultrasonic speed was measured 48 h post­
mortem on each sample. 
The correlation between ultrasonic speed and IMF and marbling score were 0.82 and 
0.72, respectively (Park et al., 1994). For model prediction, two prediction equations were 
developed from data from 100 randomly selected samples from the whole data set; one was a 
linear model and the other was nonlinear. The R2 for the linear and nonlinear models were 
0.66 and 0.81, respectively. Data from the remaining 24 samples were used for model 
validation. Using the nonlinear model, the mean of the squared prediction errors was 1.95%. 
The differences between actual and predicted IMF values ranged from -1.95 to 3.55% with 
accuracies from 45 to 100%. These results show speed of sound could be useful in the 
prediction of IMF. 
Hassen et al. (1995) validated a previous model, developed at Iowa State University, 
to predict IMF in live beef cattle using an independent set of 164 crossbred steers. Overall, 
IMF was overestimated by 13%, but varied by harvest group. Pearson product moment and 
Spearman rank correlation coefficients between actual and predicted IMF were 0.31 and 
0.35, respectively, for the entire data set. These were much lower than previously validated 
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models developed to predict IMF. The regression of actual on predicted IMF showed the 
model was biased by 2.64% with a slope of 0.28. These are substantially different from their 
expectations (zero and one, respectively). The cumulative frequency distribution of the 
absolute difference between actual and predicted IMF showed 52.5% of the cattle were 
predicted within 1 % of their actual IMF value; 84.6% were predicted within 2%; 95.1% were 
predicted within 3%. These results show some independent groups of cattle do not validate 
prediction models as well as others. 
Izquierdo et al. (1996) evaluated images from 710 yearling bulls and steers to develop 
a model to predict IMF from ultrasound. Cattle were scanned within five days of harvest 
with an Aloka 500 ultrasound machine. One cross-sectional and one longitudinal image were 
taken at the 12th - 13th rib interface. The longitudinal images were interpreted for three types 
of image parameters. Histogram parameters were determined from the distribution of pixel 
intensities. Information regarding image patterns was calculated by texture parameters. 
Two-dimensional Fourier transformations gave information for spectral or Fourier 
parameters. Images from 392 of the animals in the study were randomly selected for model 
development. The remaining 318 were used for model validation. One regression model 
was developed which included only image parameters with IMF as the dependent variable 
(Model 1). A second regression model included image parameters and backfat measured 
from the cross-sectional image (Model 2). Actual IMF was determined by n-hexane 
extraction. 
The root mean squared error and R2 for Model 1 and Model 2 were 1.43% and 0.59, 
respectively, and 1.41% and 0.60, respectively (Izquierdo et al., 1996). The correlation 
between actual and predicted IMF was 0.60 for both models, indicating backfat was not 
31 
useful in predicting IMF. When regressing actual on predicted IMF, the intercepts for both 
equations were not different (P < 0.05) from zero, so neither was biased. The slope of both 
equations was close to one, indicating good model fit. For animals with less than 3%, 
between 3 and 6%, and between 6 and 9% IMF, both models predicted fairly accurately 
(0.92, 0.85, and 1.67% within class average absolute residuals, respectively). For animals 
with IMF above 9%, the mean absolute residual was greater than 5%. This study shows 
cattle with less than 9% IMF can be accurately predicted with ultrasound. 
Amin et al. (1996) evaluated different statistical methods to predict IMF in live beef 
cattle. When IMF was predicted using a single model, predictions were more accurate than a-
pre-interpretation to determine an initial high or low estimate of IMF, for IMF less than 8%. 
Cluster analysis, discriminant analysis, and a classification and regression tree were used to 
classify images into a low or high IMF group. Images classified into each group were then 
interpreted using a different regression equation for each class. Accuracy was improved 
when classifying images into a low and high IMF group first. The classification and 
regression tree proved to be the most accurate, with classification accuracy around 90%. 
Hassen et al. (1996) validated a model different from Hassen et al. (1995) to predict 
IMF using data from an independent data set that included 85 crossbred steers. The mean 
difference between actual and predicted IMF values was 0.13%. The Pearson product 
moment correlation between actual and predicted IMF was 0.74 and the square root of the 
mean standard error of prediction was 0.90%. The absolute mean difference between actual 
and predicted IMF was 0.50 for 47.1 % of the steers; 1.00 for 77.6%. The linear regression of 
predicted on actual IMF accounted for 54% of the variation. The root mean square error was 
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0.80%. These results show the prediction model validated well using this independent data 
set. 
When collecting ultrasound images in a field setting, scan technicians need a simple 
and reliable method of saving images for later interpretation. For many years, video cassette 
recorders were used to save images to a cassette tape which were then attached to a computer 
where the images were digitized with a frame grabber board. Bulky computers were 
developed with a frame grabber board included. Amin et al. (1997a) developed a small, 
rugged, easy to use computer to save images for later interpretation. This "BlackBox" 
contains a frame grabber board within a portable computer system, and an attached LCD 
keypad eliminated the need for a big external computer monitor. Images from this machine 
could then be loaded directly into interpretation software also under development (USOFT, 
Amin et al., 1997b). 
Up until this time, IMF prediction in beef cattle at Iowa State University had focused 
primarily on one image per animal. Hassen et al. (1999) scanned 144 cattle and collected up 
to 10 images per animal to assess repeatability of IMF prediction within animal and to 
determine if repeatability was improved by interpreting multiple locations in a single image 
or by collecting more images per animal. Interpretations were made within each image 
specifically between the 12th and 13th ribs, and in the part of the image with the most uniform 
texture, defined as the "best" position. Results showed the overall repeatability of multiple 
images from the same animal was 0.63, and a within animal standard deviation of 0.82, 0.97, 
and 1.02% for bulls, heifers, and steers, respectively. Results also showed more repeatable 
measures were obtained from interpreting the "best" part of the image when compared to just 
over the 12th - 13th rib location. Additionally, collecting more images per animal reduced the 
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standard error of the measurements more quickly than interpreting multiple regions within 
one image. This reduction was greatest when increasing from one to two images per animal. 
Collecting three or four images per animal was suggested as a compromise between accuracy 
of predicting IMF (reduced within animal SEM by 50%) and scanning time. 
Herring et al. (1998) evaluated the accuracy of predicting IMF for four commercially 
available ultrasound systems using 81 crossbred steers. The four systems included Animal 
Ultrasound Services, Inc. (AUS) (2 technicians); CPEC (4 technicians); Critical Vision, Inc. 
(CV) (1 technician); and Classic Ultrasound Equipment (PEE) (1 technician). All technicians 
scanned all animals and predicted IMF from those scans (CPEC predicted marbling score). 
Carcass intramuscular fat percentage was determined by petroleum ether extraction from a 
slice of the longissimus muscle between the 12th and 13th ribs of the carcass. Carcass 
marbling scores were assigned by a USDA grader. The equation of Savell et al. (1986) was 
used to convert between IMF and marbling score, so each system could be evaluated for 
prediction of IMF and marbling score. 
Before analysis, each prediction was corrected for its system's mean bias between 
carcass and predicted IMF (Herring et al., 1998). Average correlation coefficients between 
actual and predicted IMF for the AUS, CPEC, CV, and PEE systems were 0.23, 0.54, 0.61, 
and 0.31, respectively. Average correlation coefficients between actual and predicted 
marbling score for the AUS, CPEC, CV, and PIE systems were 0.26, 0.69, 0.74, and 0.39, 
respectively. Least squares means for the absolute difference between actual and predicted 
IMF were 1.87, 1.44, 1.34, and 2.02%, respectively, for the AUS, CPEC, CV, and PIE 
systems. Least squares means for the absolute difference between actual and predicted 
marbling score were lower than for IMF, and systems ranked similarly for both traits. This 
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study showed the CPEC and CV technologies were more precise in predicting IMF in live 
cattle when compared to the AUS and PIE ultrasound systems. However, periodic updates 
and improvements in technology will result in the need for future technology comparisons 
similar to this study. 
To develop a model to predict IMF with the Classis Scanner 200 (Classic Ultrasound 
Equipment, Tequesta, FL), Wilson et al. (2001) scanned 500 steers and applied image 
analysis and regression procedures similar to Izquierdo et al. (1996). Hassen et al. (2001) 
reported the accuracy of this model compared to the equation developed from the Aloka 500 
ultrasound system. The overall R2 and RMSE of the models developed were 0.71 and 
0.87%, respectively, for the Aloka machine and 0.67 and 0.89%, respectively, for the Classic 
system. The average bias between predicted and carcass IMF values for the Aloka and 
Classic systems was 0.42% and 0.67%, respectively. The mean absolute difference was 
0.83% and 0.86%, respectively, for the Aloka and Classic machines. Pearson rank 
correlation and Spearman rank correlation coefficients between actual and predicted IMF 
values were 0.88 and 0.88, respectively, for the Aloka and 0.89 and 0.91, respectively, for the 
Classic. These results show little difference between technologies for IMF prediction when 
using the image collection and interpretation protocol developed by researchers at Iowa State 
University. 
When collecting images for interpretation using the Iowa State University software 
(Amin et al., 1997b), technicians are required to collect 4 or 5 longitudinal images. To 
determine if IMF could be predicted using the standard cross-sectional image at the 12th-13th 
rib junction and save both time and money during image collection, Vogel et al. (2002) 
evaluated the differences between IMF predicted from longitudinal images and that predicted 
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from a cross-sectional image collected on 809 cattle. Correlations between IMF predicted 
from the cross-sectional images and actual IMF and marbling score were lower than the 
correlations between IMF predicted from the longitudinal images, regardless of machine type 
(Aloka 500 or Classic Scanner 200). Even though eliminating the need for four or more 
longitudinal images may save time and money during image collection, this may not be an 
adequate trade off for the reduced accuracy when predicting IMF. 
Swine 
Less research has been done in the area of predicting IMF in live swine. This is likely 
the result of the fact pork producers are not directly paid for quality (marbling) like beef 
producers. Dion et al. (1996) evaluated the efficacy of using ultrasound to predict visual 
marbling scores from Canadian genetic evaluation data. They found essentially no predictive 
ability using cross-sectional or longitudinal images. The R2 values for the prediction 
equations from cross-sectional and longitudinal images were 0.001 and 0.01, respectively. 
The prediction equations severely overestimated the pigs in the low marbling categories and 
underestimated the pigs in the higher marbling categories. 
Ville et al. (1997) evaluated A-mode and B-mode ultrasound systems as predictors of 
IMF in live swine. Biopsies of the loin were taken at 20, 60, and 100 kg live weight. Three 
B-mode ultrasonic images were taken at 20 kg. Measures from an A-mode ultrasound 
machine were taken at 60 and 100 kg live weigth. At 20 kg, the only significant correlations 
between IMF and image parameters were with respect to mean pixel value and its coefficient 
of variation. With the A-mode technology, no significant relationships were found between 
ultrasound spectral measures and IMF. Mean IMF values predicted from A-mode 
technology (based on manufacturer's calibration equation) were 1% greater than biopsy 
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results, indicating the calibration from the manufacturer may have been incorrect for this 
population. 
Utilizing one image per pig (n = 300) and the image interpretation software 
developed by the beef cattle researchers at Iowa State University, Ragland (1998) developed 
a linear regression equation to predict IMF in pigs. The images were randomly split into 
model development (n = 200) and validation (n = 100) data sets. Models were developed 
utilizing image parameters in addition to ultrasonically measured carcass traits and for raw 
IMF and log transformation of IMF. From the developmental data, R2 and RMSE ranged 
from 0.28 to 0.48 and from 0.88 to 1.03%, respectively, depending on which variables were 
included as independent and dependent variables. From the validation data, R2 values ranged 
from 0.27 to 0.50. The mean absolute difference between predicted and carcass IMF ranged 
from 0.63 to 0.73%. Correlation coefficients between the two IMF values ranged from 0.52 
to 0.71. Regression of actual on predicted values showed intercepts which were biased 
(significantly different from zero) with slopes ranging from 0.82 to 0.96. Predicted IMF was 
within 0.50% of the carcass value for 44 to 51% of the pigs evaluated, depending on the 
parameters in the model and within 1 % of the actual IMF 72 to 86% of the time. 
Eggert ( 1998) used ultrasonic measures of total backfat, the three individual backfat 
layers, ratios of layers, weight, and loin muscle area to predict IMF in pigs. Linear, 
quadratic, and allometric functions of these variables were used in multiple regression to 
develop prediction equations. Models were developed from crossbred pigs sired by Duroc, 
Pietrain, or Large White boars. Model R2 and RMSE for Duroc-sired pigs were 0.82 and 
0.53%, respectively. Corresponding values for Pietrain-sired pigs were 0.83 and 0.36%, 
respectively. Corresponding values for Large White-sired pigs were 0.50 and 0.38, 
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respectively. These results indicate prediction of IMF is possible using linear measures from 
ultrasonic images without texture analysis. 
Following closely the results of Ragland (1998) and implementing the Iowa State 
University beef cattle scanning protocol (Hassen et al., 1999), Newcom et al. (2001) 
developed equations to predict IMF from Yorkshire and Duroc pigs. Image parameters were 
the only independent variables investigated. Models were developed with raw and 
transformed IMF as dependent variables. Models were developed for the whole data set and 
for each breed separately. A second replication of the project was used for validation. For 
model development, R2 and RMSE values ranged from 0.40 to 0.57 and 0.56 to 0.70%, 
respectively, depending on the model. For model validation, the mean bias, standard error of 
prediction, and Pearson product moment correlation coefficients for the non-transformed 
model were -0.14%, 0.88%, and 0.61, respectively. Corresponding values for the 
transformed model were -0.24%, 0.86%, and 0.62, respectively. This suggests it is feasible 
to predict IMF from ultrasonic image parameters in live swine. 
Selection for meat quality 
Selection for meat quality has been investigated at the theoretical level for many 
years. Malmfors et al. (1980), using meat color as an example, simulated several indexes and 
evaluated the effect of ignoring color in the evaluation, including color in the evaluation, and 
using a separate index to select for color independent of growth and carcass traits. When 
ignoring color in selection, an unfavorable genetic change occurs in meat color. When 
including color in the index, color can be held constant or slightly improved without drastic 
reduction in the response for daily gain, feed conversion, and percent lean, depending on the 
genetic correlations assumed between color and the production traits in the index. Including 
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color in the index with production traits was more efficient than when performing an 
independent evaluation for meat color. 
Cameron (1993) simulated incorporating meat quality traits into a typical selection 
program with the intent of improving color, water holding capacity, and eating quality. A 
linear combination of IMF, color, and fat firmness was developed with a heritability of 0.64. 
When including only quality traits in the index, including nine meat quality traits in the index 
did not change correlated responses in meat quality when compared to the index which 
included only IMF, color, and fat firmness. When adding backfat depth to the index with the 
three meat quality traits, correlated responses in meat quality traits were similar to the three 
trait index. Backfat depth, lean weight, and subcutaneous fat weight were improved while 
daily gain and carcass weight were unaffected. Marginal responses in eating quality traits 
were found. This shows simultaneous selection for improved backfat and meat quality can 
yield improvements in carcass and meat quality traits without adversely affecting daily gain. 
By adding more traits to the index, improvement in any one trait will be decreased (Cameron, 
1993). 
International genetic evaluation programs to improve meat quality 
Schworer et al. (1994) reviewed changes in the Swiss approach to swine 
improvement and more specifically, meat quality, from the early 1970's until the early 
1990's. Pigs grow faster and produce more lean meat today, averaging 45 fewer days to 103 
kg and 1.9 kg more premium cuts than in 1967. However, progressive breeders realized meat 
quality needed to be assessed to prevent deterioration due to selection for improved daily 
gain and backfat. The first routine evaluation for meat quality began in 1974; carcasses were 
evaluated for the pale, soft, and exudative, or dark, firm, and dry conditions. Meat 
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reflectance and pH at 45 min and 30 h post-mortem were used to calculate a meat quality 
score (Schwôrer et al., 1988) which was included in the selection index with percent 
premium cuts, feed conversion, and daily gain. Halothane testing for stress resistance began 
in 1978, with fat quality coming into the picture in 1980. Routine evaluation for 
intramuscular fat percentage began in 1985 and was added to the selection index in 1989. 
From 1977 to 1993, the incidence of PSE dropped from 28.8% to 2.1% in Swiss 
Landrace and from 6.8% to 1.9% in Swiss Large White (Schwôrer et al., 1994). Total fat in 
the carcass was reduced by 3%, but at the expense of IMF. Consumers have begun to 
criticize the eating quality of Swiss pork, specifically the loss of juiciness, tenderness, and 
flavor. The IMF of the Swiss pig breeds is still quite low (-1.5%), even with selection for 
improvement. Adding IMF to the selection criteria may not have dramatically increased 
IMF, but did curtail the dramatic decrease seen before this time. At the time of this report, 
the number of pigs with IMF >1.5% was steadily increasing, showing promise for future 
selection. 
Jin and Mao (1994) described ten years of research with local and improved Chinese 
pig breeds. Using imported Duroc, Hampshire, Landrace, and Large White pigs as sires 
crossed to the improved (selected) dam breeds in China, average daily gain was 621 g/d, 
backfat was 29 mm, and lean percentage was 57%. When crossing American breed sires to 
dams that were V2 American breeding, daily gain, backfat, and lean percentage were 
improved further. With this in mind, meat quality traits were considered excellent. The 
incidence of PSE was zero, visual meat color averaged 3.05, pH was greater than 6.00, and 
IMF averaged 3.15%. Although meat color and pH were similar when the dam line was local 
or improved, IMF was slightly higher (4.02%) when the American breed sires were mated to 
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local breed dams, indicating selection for improved growth and leanness did have an impact 
in reducing IMF. 
One classical selection experiment has been undertaken to improve IMF. Suzuki et 
al. (2002) reported results from seven generations of selection for improved average daily 
gain, loin muscle area, backfat thickness, and intramuscular fat percentage in Duroc swine. 
A total of 80 pigs per generation were randomly selected at an early age to be harvested. A 
desired gains index (Yamada et al., 1975) including daily gain, loin muscle area, and backfat 
was used to make selections the first two generations. Best Linear Unbiased Predictions 
(BLUP) of breeding values were estimated starting in generation four and selections were 
based on an index which included all four traits. Relative economic values were calculated 
from the desired gains for each trait. 
From generation one to generation seven, the mean phenotypic values for daily gain, 
loin muscle area, backfat thickness, intramuscular fat percentage, and mechanically measured 
meat tenderness changed from approximately 860 to 910 g/d, 35.5 to 38.0 cm2, 24 to 25 mm, 
4.25 to 5.25% (with a low of 3.5% in generation 3), and 78 to 70 kg/cm2, respectively 
(Suzuki et al., 2002). The trends for breeding values followed the same pattern as the 
phenotypic values. No control population was reported so environmental factors were not 
estimated. However, results from this study show IMF can be improved without a severe 
detrimental impact on backfat and can actually help improve meat tenderness. Lonergan et 
al. (2001) showed selection for lean growth efficiency had no impact on longissimus pH, 
Hunter L*, a*, or b*, but did significantly lower IMF (~ 1.50%) and increase WBS values. 
Major genes and QTL effects on IMF 
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Malignant hyperthermia was identified in the I960's in pigs which were leaner and 
heavier muscled, but more susceptible to stress and the anesthetic halothane (Goodwin, 
1994). Many early researchers used halothane gas to differentiate between normal (NN), 
carrier (Nn), and susceptible genotypes (nn). One drawback was carrier animals seldom 
reacted to the halothane and false positives were common. Producers attempted to breed for 
stress resistance, but were not always successful. Fujii et al. (1991) identified the stress 
mutation on porcine chromosome 6 at base pair 1843. This mutation affected the ryanodine 
receptor in skeletal muscle which regulates calcium release during muscle contraction. 
Hence, the mutation became known as HAL1843 or RYR1. Some breeding stock companies 
injected the Pietrain breed (with a high frequency of the stress gene) as a way to improve 
carcass leanness quickly to meet the demands of U. S. packers. What wasn't known at the 
time was the detrimental impact on meat quality the stress gene caused. 
This detrimental impact on meat quality caused by the Halothane gene has been well 
documented in the past 10 years. Zhang et al. (1992) reported the Halothane locus explains 
20 to 30% of the variation in meat quality. Goodwin (1994) found NN pigs had 0.43% more 
IMF than heterozygous individuals. Garcia-Macias et al. (1996) found no difference in IMF 
between normal and carrier individuals, but the entire population average IMF was below 
1.50%, indicating little or no marbling. Leach et al. (1996) found no difference in IMF 
between normal and carrier individuals, but normal pigs had significantly higher subjective 
marbling scores. De S met et al. (1996) evaluated a population of pigs with less than 1.0% 
IMF and found no differences between Halothane genotypes. Tam et al. (1998) found no 
difference in subjective marbling score between NN and Nn pigs, but nn pigs were 
significantly lower. Hamilton et al. (2000) found no difference between NN and Nn pigs for 
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subjective marbling or IMF. Moelich et al. (2003) found the IMF levels of normal and 
heterozygous pigs were not different from each other, but were almost twice as high as that 
of nn pigs. 
Another mutation in the porcine genome was identified, primarily due to its negative 
impact on the processing qualities of pork (Monin and Sellier, 1985). Rendement Napole 
(RN~) was characterized as a dominant gene, identified by reduced yield in ham production 
or a radical increase in muscle glycolytic potential (Naveau et al., 1985). It can also be 
identified by a severe drop in ultimate pH, causing an "acidic" flavor in the meat. This 
mutation was found primarily in pigs of the Hampshire breed or of Hampshire ancestry. 
Before a DNA-based test became available, genotypes were identified with a glycolytic 
potential test (Monin and Sellier, 1985), resulting in a bi-modal distribution where pigs with 
the dominant gene (RN"rn+ or RN'RN") had higher levels than normal pigs (rn+rn+). Milan et 
al. (2000) identified the causative mutation in the PRKAG3 gene, located on chromosome 
15, which was associated with excess glycogen content in the muscle. 
Miller et al. (2000) found no difference in IMF between Napole carrier and normal 
pigs, but both were significantly lower than Yorkshire pigs in the study. Moeller et al. 
(2003) found rn+rn+ pigs had significantly higher subjective marbling scores (2.94 vs. 2.26) 
and greater levels of IMF (2.51% vs. 2.16%) than RN"rn+ pigs. Other researchers have found 
no difference in IMF between normal and carrier individuals (Lundstrôm et al., 1998; Olsson, 
2004). 
Candidate genes are genes that have been mapped, in the species of interest or in a 
related species, and can be investigated using positional or biological functional 
comparisons. The heart (H-FABP) and adipocyte (A-FABP) fatty acid-binding genes were 
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characterized as candidate genes affecting IMF in pigs and assigned to porcine chromosomes 
6 and 4, respectively (Gerbens et al., 1997; Gerbens et al., 1998). For H-FABP, three PGR 
Restriction Fragment Length Polymorphisms (RFLP) were identified (Hinfl, Haelll, and 
Mspl). In the A-FABP gene, a microsatellite with nine alleles was found to be segregating in 
the Meishan, Hampshire, Duroc, Dutch Landrace, Yorkshire, and Pietrain breeds. A 
significant contrast of 1 % IMF was found between the genotypes with the highest and lowest 
levels. Gerbens et al. (1999) found a contrast of 0.40% IMF between the homozygous 
genotypes of H-FABP at all three RFLP. The author concluded other closely linked genes 
could cause the observed effects, but the Halothane gene was ruled out as a cause of the 
differences. When using pigs from the Meishan breed, Gerbens et al. (2000) found further 
evidence to support H-FABP as having a significant impact on IMF. In an attempt to 
validate findings from previous research, Gerbens et al. (2001) made selective matings to 
produce a population of pigs with all three Haelll genotypes within each litter. Significant 
differences were found between homozygous genotypes for Haelll and Mspl in barrows, but 
not in gilts. Of the A-FABP genotypes investigated, only one had significantly higher IMF 
than the others, but only in barrows. The author could not rule out other closely linked genes 
on chromosomes 4 and 6 as causing the observed differences. 
When genes or sections of the genome contribute to smaller proportions of the 
variation in a given trait, the term Quantitative Trait Loci or QTL is used to define the region. 
As of late, researchers have been attempting to identify QTL for traits which are difficult to 
measure in live animals, are costly to measure, have low heritabilitities, or are measured late 
in life. Meat quality traits fall into this category. Thus, many studies have been performed to 
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identify QTL for meat quality traits for use in a traditional selection program. The following 
review will highlight some of the work being done in this area. 
Malek et al. (2001) found three QTL affecting subjective marbling score (SSI, SS8, 
and SS10) and one for IMF (SSI). The two QTL on chromosome 1 were very close, 
separated by only three cM. The three QTL for marbling score accounted for about 11% of 
the F2 variation while the one for IMF accounted for about 3%. de Koning et al. (1999, 
2000a, 2000b) reported six QTL for IMF on chromosomes 4, 6, 8, 13, and X. A suggestive 
QTL for marbling has also been found on chromosome 13 (Yu et al., 1999). Janns et al. 
(1997) estimated an additive effect of 1.14% for a single locus affecting IMF. 
All information reported in this review of the literature could be used to enhance IMF 
or marbling in pigs. If the trait of interest can be accurately measured in the live animal as 
opposed to harvesting sibs or progeny, more rapid genetic progress could be made. After 
estimating genetic parameters, breeding values can be predicted identifying individuals 
superior for the trait of interest. Economic values for the trait of interest must be known if 
appropriate index weights are to be determined when including it in an existing selection 
index that includes other traits of economic importance. Unfortunately, economic weights 
for meat quality traits are difficult to ascertain, thus making implementation of these traits 
difficult. Further research is needed to identify ways to implement meat quality traits into 
existing selection indices to make genetic progress. With the information presented in this 
literature review, one could implement IMF into a selection program and make genetic 
progress. 
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Table 1. Breed differences for intramuscular fat percentage of the longissimusa'b 
Breed Hiner Jensen Fjelkner- Dazzi Barton- Cameron Hovenier Lo 
1965 1967 Modig 
1986 
1987 Gade 
1990 
1990 1992 1992 
Berkshire 
Du roc 7.44 7.03 6.30 2.48 2.08 3.20 4.96 
Chester White 
Hampshire 4.36 2.00 1.52 
Hampshire, RN 
Hampshire, rn+ 
Landrace 1.33 2.30 1.27 1.16 2.78 
Poland China 4.32 
Spot 4.27 
Yorkshire / 4.32 169 1.70 2.90 1.20 1.65 
Large White 
Belgian 160 
Landrace 
SPF Duroc 
Hamp X Duroc 
Meishan 
Pietrain 2.70 
Pietrain, NN 
Pietrain, nn 
" From purebred pigs unless noted. 
b Estimates taken from: Hiner et al., 1965; Jensen et al., 1967; Fjelkner-Modig and Persson, 1986; Dazzi et al., 
1987; Barton-Gade, 1990; Cameron, 1990a; Hovenier et al., 1992; and Lo et al., 1992a. 
46 
Table 1. (Continued) 
Breed Lan Oliver Goodwin Casteels NPPC Affentranger Wood 
1993 1993 1994 1995 1995c 1996d 1996 
Berkshire 3.09 2.41 
Duroc 2.89 4.06 3.03 2.03 1.37 
Chester White 
Hampshire 2.52 2.57 
Hampshire, RN 
Hampshire, rn+ 
Landrace 1.47 2.42 
Poland China 2.98 
Spot 2.91 2.35 
Yorkshire/ 2.86 1.62 2.32 1.18 2.33 1.51 0.54 
Large White 
Belgian 1.27 0.89 
Landrace 
SPF Duroc 2.71 
Hamp X Duroc 2.33 
Meishan 3.77 
Pietrain 1.60 1.34 
Pietrain, NN 
Pietrain, nn 
" From purebred pigs unless noted. 
h Estimates taken from: Lan et al., 1993; Oliver et al., 1993; Goodwin, 1994; Casteels et al., 1995; NPPC, 1995; 
Affentrager et al., 1996; Bail et al., 1996; Wood et al., 1986; and Enfâlt et al., 1997. 
c Sire breed mated lo crossbred females 
d Sire breed mated to Swiss Landrace females 
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Table 1. (Continued) 
Breed Enfâlt Knapp Suzuki Suzuki van Laack Suzuki Newcom 
1997= 1997 1997e 2001 2001^ 2003 2004 
Berkshire 2.35 3.11 3.18 2.79 
Duroc 100 2.32 5.30 179 4.25 3.30 
Chester White 3.41 
Hampshire 2.89 2.20 
Hampshire, RN" 
Hampshire, rn+ 
Landrace 1.13 2.30 1.90 
Poland China 2.18 
Spot 
Yorkshire / 2.80 1.16 2.20 1.98 
Large White 
Belgian 
Landrace 
SPF Duroc 
Hamp X Duroc 
Meishan 3.23 
Pietrain 0.86 
Pietrain, NN 
Pietrain, nn 
" From purebred pigs unless noted. 
''Estimates taken from: Knapp et al., 1997; Suzuki et al., 1997; Suzuki et al., 2001; van Laack et al., 2001; 
Suzuki et al., 2003; and Newcom et al., 2004. 
c Sire breed mated to crossbred females 
e Sire breed mated to Large White females 
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Table 2. Breed differences for visual marbling score of the longissimusa'b 
Breed NPPC Ball Enfâlt Brewer Edwards Suzuki 
1995c 1996 1997= 2002 2003' 2003 
Berkshire 2.70 5.96 3.08 
Duroc 2.80 2.92 1.90 4.70 2.42 3.90 
Chester White 
Hampshire 2.40 1.78 
Hampshire, RN" 4.22 
Hampshire, rn+ 4.20 
Landrace 1.78 
Poland China 
Spot 2.50 
Yorkshire / 2.40 1.71 1.60 
Large White 
Belgian 
Landrace 
SPF Duroc 2.80 
Hamp X Duroc 2.60 
Meishan 
Pietrain 
Pietrain, NN 3.26 1.78 
Pietrain, nn 2.25 
;i From purebred pigs unless noted. 
''Estimates taken from: NPPC, 1995; Ball et al., 1996; Enfâlt et al., 1997; Brewer et al., 2002; Edwards et al., 
2003; and Suzuki et al., 2003. 
c Sire breed mated to crossbred females 
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Table 3. Gender differences for intramuscular fat percentage and visual marbling score of the 
longissimusa 
Study Breed(s) Boar 
Gender 
Gilt Castrate 
IMF Hiner1965 Duroc 6.54 8.34 
Yorkshire 3.57 5.06 
Malmfors 1978 Landrace 1.34 1.61 1.80 
Landrace/Yorkshire 1.47 1 6 9  
Fjelkner-Modig, Hampshire 1.90 2.10 
1986 Landrace 1.30 1.50 
Yorkshire 2.00 1.60 
Wood 1986 Random 7.10 7.30 
Barton-Gade Multiple 1.45 1.37 1.54 
1987 
Goodwin 1994 Multiple 2.56 125 
Oliver 1994 Multiple 1 . 1 2  1.36 
NPPC 1995 Multiple 2.23 2.65 
Leach 1996 Multiple 1.80 2.50 
Enfâlt 1997 Multiple 2.30 160 
Suzuki 1997 Multiple 2.48 178 
Beattie 1999 Landrace/Y orkshire 0.72 0.81 
Suzuki 2001 Multiple 2.50 3.80 
Latorre 2003 Multiple 2.70 3.40 
Suzuki 2003 Multiple 3.40 4.37 
Channon 2004 Multiple 1.08 1.50 
Latorre 2004 Multiple 150 180 
Newcom 2004 Multiple 121 187 
Marbling 
score Burgess 1966 b Multiple 6.30 5.70 7.10 
Skelley 1971 ^ Multiple 190 4.20 
NPPC 1995 b Multiple 2.60 170 
Bail 1996^ Multiple 1.97 132 
Ellis 1996 b Multiple 173 187 
Enfâlt 1997 b Multiple 2.00 2.50 
Suzuki 2003b Multiple 3.54 182 
" Taken from: Hiner et al., 1965; Burgess et al., 1966; Skelley and Handlin, 1971; Malmfors and Nilsson, 1978; 
Fjelkner-Modig and Tornberg, 1986; Wood et al., 1986; Barton-Gade, 1987; Goodwin, 1994; Oliver et al., 
1994; NPPC, 1995; Ball et al., 1996; Ellis et al., 1996; Leach et al., 1996; Enfâlt et al., 1997; Suzuki et al., 
1997; Beattie et al., 1999; Suzuki et al., 2001; Latorre et al., 2003; Suzuki et al., 2003; Channon et al., 2004; 
Latorre et al., 2004; and Newcom et al., 2004. 
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CHAPTER 3. PREDICTION OF INTRAMUSCULAR FAT PERCENTAGE 
IN LIVE SWINE USING REAL-TIME ULTRASOUND 
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Abstract: Purebred Durocs (n = 207) were used to develop a model to predict loin 
intramuscular fat percentage (PIMF) of the longissimus muscle in live pigs. A minimum of 
four longitudinal, real-time ultrasound images were collected 7 cm off-midline across the 10th 
- 13th ribs on the live animal. A trained technician used texture analysis software to interpret 
the images and produce 10 image parameters. Backfat and loin muscle area were measured 
from a cross-sectional image at the 10th rib. After harvest, a slice from the 10th-11th rib loin 
interface was used to determine carcass loin intramuscular fat percentage (CIMF). The 
model to predict loin intramuscular fat percentage was developed using linear regression 
analysis with CIMF as the dependent variable. Initial independent variables were off-test 
weight, live animal ultrasonic 10th rib backfat and loin muscle area, and the 10 image 
parameters. Independent variables were removed individually until all variables remaining 
were significant (P < 0.05). The final prediction model included live animal ultrasound 
backfat and five image parameters. Multiple coefficient of determination (R2) and root mean 
square error (RMSE) for the prediction model were 0.32 and 1.02%, respectively. An 
independent data set of Duroc (n = 331) and Yorkshire (n = 288) pigs from two replications 
of the National Pork Board's Genetics of Lean Efficiency Project were used for model 
validation. Results showed the Duroc pigs provided the best validation of the model. The 
product moment correlation and rank correlation coefficients between PIMF and CIMF were 
0.60 and 0.56, respectively, in the Duroc population. Results show real-time ultrasound 
image analysis can be used to predict intramuscular fat percentage in live swine. 
Keywords: Pigs, Intramuscular Fat, Real-time Ultrasound 
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Introduction 
Greater levels of loin intramuscular fat (IMF), or marbling, have been associated with 
improved customer acceptance of the pork longissimus dorsi muscle (NPPC, 1995). Levels 
of intramuscular fat below 2.5% have been associated with poorer eating quality traits 
(Wood, 1985; Enser and Wood, 1991). With the evolution of niche and value-added 
markets, improved IMF percentage could be one of the criteria used in evaluation of 
specialty meat products. Accurate and reliable estimates of IMF percentage in breeding 
stock are needed to increase genetic improvement and to meet the specifications of these 
niche markets. However, progeny and sib-testing programs have been the only means to 
evaluate IMF percentage; both are costly in terms of both time and money. 
The use of real-time ultrasound to estimate backfat thickness and loin muscle area has 
been well documented in both swine and beef cattle research (Houghton and Turlington, 
1992). Use of this technology has helped producers develop leaner, more muscular animals. 
Selection for increased lean meat content has caused a reduction in IMF percentage 
(Schworer et al., 1995) and, ultimately, has had a detrimental impact upon the eating quality 
traits of pork (Barton-Gade, 1990). 
Researchers at Iowa State University have developed image collection and 
interpretation equipment, and prediction equations to estimate IMF percentage in live cattle 
(Amin et al., 1997; Hassen et al., 2000; Wilson et al., 2001). These equations are currently 
being utilized by 16 beef breed associations, including Angus which has the highest number 
of animals registered. Previous research with swine has shown that estimation of IMF in the 
live pig is possible using real-time ultrasound (Ragland, 1998; Newcom et al., 2001). 
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Therefore, the objective of this study was to develop and validate a model to predict loin IMF 
percentage in live swine. 
Materials and Methods 
Model development 
Developmental data was obtained from purebred Duroc barrows and gilts born in the 
spring of 2000 (n = 67) and 2001 (n = 140) at the Iowa State University Bilsland Memorial 
Swine Breeding Farm. Pigs were weighed off-test and scanned 5 d prior to harvest with an 
Aloka 500V SSD ultrasound machine fitted with a 3.5 MHz, 12.5-cm linear-array transducer 
(Corometrics Medical Systems, Inc., Wallingford, CT). Gain settings for the Aloka 
ultrasound machine were: Overall, 90; Near, -25; Far, 2.1. Focal lengths were set at 1 and 2. 
Off-midline backfat and loin muscle area were measured from a cross-sectional image taken 
at the 10th rib. A sound transmitting guide (Superflab, Mick Radio Nuclear Instruments, Inc., 
Bronx, NY) conforming to the pigs' back was attached to the ultrasound probe and vegetable 
oil was used as conducting material between the probe and skin. 
A minimum of four longitudinal images (Figure 1) were collected 7 cm off-midline 
across the 10th - 13th ribs, digitized, and saved to a computer for later interpretation. The 
probe was used without a guide, and vegetable oil was again used as a coupulant. A trained 
technician used texture analysis software (Amin et al., 1997) to define Fourier, gradient, 
histogram, and co-occurrence parameters (Table 1) (Hassen et al., 2001) within a defined 
region of interest for each ultrasound image. The region of interest was a 100- X 100- pixel 
region placed as close to the 10th-11th rib interface as possible. The technician made a visual 
assessment of each image for acceptability. After harvest, a slice of the longissimus muscle 
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from the 10th-11th rib interface was analyzed for carcass IMF percentage by the method 
outlined in Bligh and Dyer (1959). 
Image parameters from the longitudinal images were averaged by animal as 
recommended by Hassen et al. (1999), and included with off-test weight, backfat, and loin 
muscle area as independent variables in the IMF percentage prediction model development. 
The REG procedure of SAS (SAS Inst. Inc., Cary, NC) was used to perform a linear 
regression with carcass IMF percentage as the dependent variable. Independent variables 
(image parameters, off-test weight, backfat, loin muscle area) with the highest P-value were 
removed individually until all variables remaining were significant (P < 0.05). 
Model validation 
Purebred Duroc and Yorkshire barrows and gilts (n = 619) from two replications of 
the National Pork Board's Genetics of Lean Efficiency (GLE) Project were weighed off-test 
and scanned five days prior to harvest. Cross-sectional and longitudinal images were 
collected in the same manner as in the developmental data. Model validation procedures 
were completed using three data sets: Validation 1 (use of all data), Validation 2 (use of 
Duroc data only), and Validation 3 (use of Yorkshire data only). 
Models were analyzed for predictive ability using the difference between predicted 
and carcass IMF percentage (predicted - carcass), the absolute difference between predicted 
and carcass IMF percentage, standard error of prediction (SEP), and both Pearson product 
moment (PCOR) and Spearman rank (RCOR) correlations between predicted and carcass 
IMF percentage (Hassen et al., 2001). Regression of carcass on predicted IMF percentage 
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was used to test how well the model fit the validation data. The slope and intercept of these 
lines were expected to be 1.00 and 0.00, respectively. 
from ultrasound; carcass = chemical IMF from longissimus muscle; bias = mean difference 
between predicted and carcass IMF percentage. 
Models were also analyzed for ability to correctly classify animals within a carcass 
IMF percentage class (not subjective marbling score). Each animal was classified by carcass 
IMF percentage into classes defined as Class 1 (< 2.0%), Class 2 (> 2.0% and < 3.0%), Class 
3 (> 3.0% and < 4.0%), Class 4 (> 4.0% and < 5.0%), Class 5 (> 5.0% and < 6.0%), and 
Class 6 (> 6.0%). Predicted IMF percentage values were classified in the same manner. 
Developmental data 
Descriptive statistics for the developmental data are shown in Table 2. The mean 
carcass IMF percentage for the developmental data was 3.76% and values ranged from 1.39 
to 8.14%. However, most of the pigs (82%) were between 2.0 and 5.0%. The final model to 
predict IMF percentage in live pigs included BF and five image parameters. Multiple 
coefficient of determination (R2) and root mean square error (RMSE) for the prediction 
model were 0.32 and 1.02%, respectively. The PCOR and RCOR between carcass and 
predicted IMF percentage for the developmental data were 0.56 and 0.55, respectively. 
Regression of carcass on predicted IMF percentage (Figure 2) showed an intercept of 0.00 
and a slope of 1.00. 
^ (predicted - carcass - bias)2 
, where predicted = IMF predicted 
Results and Discussion 
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Results agree with Ragland (1998), who evaluated several models of prediction, 
including various combinations of all image parameters, or only significant image parameters 
and backfat and loin muscle area measured by real-time ultrasound from nine breeds of pigs. 
He reported R2 values of 0.28 to 0.48 and RMSE values of 0.88 to 1.03% from his 
developmental data. Hassen et al. (2001) reported R2 and RMSE values of 0.69 to 0.72 and 
0.84 to 0.91 %, respectively, for prediction models in beef cattle from images collected using 
an Aloka 500V machine. 
Validation data 
Results from the model validation are shown in Table 3. The mean carcass IMF 
percentages for Validations 1, 2, and 3 were 2.79, 3.37, and 2.12%, respectively. The carcass 
IMF values across the validation data ranged from 0.88 to 8.50. The mean difference 
between predicted and carcass IMF percentage from Validations 1, 2, and 3 was 1.18, 0.75, 
and 1.68%, respectively, indicating the prediction model gives a predicted value that, on 
average, overestimates carcass IMF percentage in all three validation data sets. Predicted 
IMF percentage also had less variability across the validation data sets than did carcass IMF, 
which was expected because regression procedures tend to regress predicted values toward 
the mean. The difference in mean carcass IMF values between the developmental data and 
the validation data ranged from 0.39 to 1.64%, which could be the cause of this 
overprediction. The mean absolute difference ranged from 0.91 to 1.74%. Ragland (1998) 
reported mean absolute differences between carcass and predicted IMF percentage ranging 
from 0.63 to 0.73, depending on the parameters in the model. Hassen et al. (2001) reported 
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values of 0.42 and 0.83% for the mean difference and absolute difference between predicted 
and carcass IMF percentage, respectively, from four prediction models tested in beef cattle. 
Standard errors of prediction, Pearson product moment correlations, and Spearman 
rank correlations are shown in Table 4. The SEP takes into account the mean difference 
between predicted IMF and carcass IMF (bias), and indicates that the predicted IMF 
percentage is within the reported SEP value of the carcass IMF percentage for 67% of the 
observations. The SEP for the validation data ranged from 0.80 to 0.93%, which means that 
after adjusting for the bias, the predicted value is within 0.80 to 0.93% of the carcass IMF 
percentage, 67% of the time. This is similar to the SEP from Hassen et al. (2001), who 
reported a value of 0.84%. 
Correlations between carcass IMF and predicted IMF were moderate (Table 4). The 
PCOR for Validations 1, 2, and 3 were 0.56, 0.60, and 0.46, respectively, and for RCOR 
were 0.55, 0.56, and 0.55, respectively. Ragland (1998) reported PCOR and RCOR values 
ranging from 0.52 to 0.71 and 0.57 to 0.70, respectively. Hassen et al. (2001) reported 
PCOR and RCOR values of 0.88 and 0.88, respectively. The differences observed between 
the beef and swine results could be due to differences in machine settings or hide thickness, 
which changes the speed of the sound waves going into and coming out of the animal, 
creating a darker image. Darker images may cause differences in the image parameters used 
in the prediction model. 
Regression of carcass IMF on predicted IMF (Figures 3 to 5) showed y-intercepts that 
ranged from -0.09 to -0.73, with regression coefficients from 0.58 (Validation 3) to 0.89 
(Validation 1). Two outliers (high carcass IMF, low predicted IMF) in Figures 3 and 5 
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slightly skew the regressions. Removal of the two outliers changed the R2 from 0.31 to 0.36 
in Validation 1 and from 0.22 to 0.36 in Validation 3 (data not shown). Ragland (1998) 
reported intercepts that ranged from 0.08 to 0.40 and slopes from 0.82 to 0.96, values similar 
to those reported in the present study. The R2 values in the current study ranged from 0.22 
(Validation 3) to 0.36 (Validation 2). These values are similar to those found by Ragland 
(1998), who reported R2 values from 0.27 to 0.50. 
Frequency distribution of the mean absolute difference between predicted and carcass 
IMF values across the validation data sets is shown in Table 5. The percentage of pigs for 
which predicted IMF was within 0.5% of carcass IMF varied across validation data sets, from 
6% (Validation 3) to 39% (Validation 2). The percentage of pigs predicted within 1.0% of 
their carcass IMF ranged from 17% in Validation 3 to 65% in Validation 2. A greater 
proportion of predicted IMF values within ± 1% of the carcass IMF value may have been 
expected as Validation 2 contained pigs of the same breed and having a similar mean carcass 
IMF percentage as data used in model development. The pigs in Validation 3 were 
Yorkshires only and had a lower mean carcass IMF when compared to Durocs only. Ville et 
al. (1997), using a 4 MHz Piglog 105 (SFK Technology, Soborg, Denmark), found the 
regression to predict IMF from image analysis from pigs at 60 and 100 kg liveweight was not 
significant. However, they did find the calibration equation used by their ultrasound machine 
overestimated IMF by 1 %. 
Ragland (1998) reported estimated IMF was within 0.50% of carcass IMF 44 to 51% 
of the time, depending on the model. Predicted IMF was within 1.0% of carcass IMF in 72 
to 86% of the observations. The mean IMF value from the data used to develop his model 
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was less than the mean carcass IMF value observed in the present study (2.39 vs. 3.76). 
Hassen et al. (2001) reported that the cumulative frequency of cattle predicted within 0.50, 
0.75, and 1.0% of their carcass IMF value was 34, 54, and 71%, respectively. 
Distribution of classes for carcass IMF and predicted IMF for the three validation 
data sets is shown in Table 6. The percentage of pigs falling into Classes 1, 2, and 3 for 
carcass IMF ranged from 76 to 97%, but the percentage of pigs falling into Classes 1, 2, and 
3 for predicted IMF ranged from 42 to 63%. The percentage of pigs in the same class for 
both carcass IMF and predicted IMF was 19% (117/622), 31% (104/332), and 5% (13/288) 
for Validations 1, 2, and 3, respectively. The percentage classified into adjacent classes was 
41% (252/622), 47% (157/332), and 33% (94/288) for Validations 1, 2, and 3, respectively. 
Of the pigs not correctly classified by more than one class, the percentage from carcass IMF 
Classes 1, 2, and 3 was 97%, 93%, and 99% for Validations 1, 2, and 3, respectively. These 
results demonstrate the overprediction of animals with a lower carcass IMF value. These 
results also show the underprediction of animals with a greater carcass IMF value (> 5.0). 
The validation data lacked a significant number of pigs with greater carcass IMF values (> 
5.0%), which may have contributed to this underprediction. 
Implications 
The results of this study indicate that estimation of intramuscular fat percentage in the 
live pig using real-time ultrasound is feasible. The ability to measure intramuscular fat in the 
live pig will allow identification of superior breeding animals, and the use of intramuscular 
fat in single- or multiple-trait selection programs. Research to refine or enhance the current 
ultrasound IMF prediction model will be necessary as advances in image analysis capabilities 
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and ultrasound technologies occur. Future model development and validation must evaluate 
populations with both lesser and greater amounts of loin intramuscular fat percentage and be 
tested across different breeds or genetic lines. 
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Table 1. Means and standard deviations of image parameters used in model developmenta and validation b 
DEV VAL 1 VAL 2 VAL 3 
Descriptionc Mean SD Mean SD Mean SD Mean SD 
PI Fourier, coefficient of variation 11.37 1.37 11.17 2.03 10.11 1.50 12.39 1.88 
P2 Fourier, ratio of low to high average power at 886.04 129.24 882.58 177.98 782.79 129.58 997.55 156.18 
(1-50)/(50-100) percentile 
P3 Fourier, ratio of low to high average power at 89.32 12.02 89.69 17.54 80.41 12.70 100.38 16.28 
(1-30)/(30-100) percentile 
P4 Fourier, ratio of low to high average power at 22.55 3.65 22.54 5.00 20.18 3.80 25.27 4.85 
(l-10)/(10-20) percentile 
P5 Gradient, mean 17.90 2.87 17.63 3.10 16.00 2.73 19.50 2.37 
P6 Gradient, skewness 1.21 0.12 1.25 0.12 1.23 0.12 1.27 0.12 
P7 Histogram, skewness 0.77 0.24 0.77 0.27 0.85 0.28 0.67 0.23 
a DEV = Developmental data from 207 purebred Duroc barrows and gilts. 
b VAL = Validation data from National Pork Board's Genetics of Lean Efficiency Project: 1 = All data; 2 = Duroc data only; 3 = Yorkshire data only. 
0 Description from Hassen et al., 2001. 
Table 1. (Continued) 
DEV VAL 1 VAL 2 VAL 3 
Description0 Mean SD Mean SD Mean SD Mean SD 
P8 Histogram, 10th percentile of cumulative 33.68 11.19 32.19 13.77 23.63 7.99 42.05 15.43 
histogram pixel frequency 
P9 Co-occurrence, difference variance at angle 79.54 22.24 79.38 23.34 67.69 18.33 92.85 21.16 
90° 
P10 Co-occurrence, difference entropy at angle 1.49 0.07 1.48 0.08 1.44 0.08 1.52 0.05 
135° 
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Table 2. Descriptive statistics for intramuscular fat percentage prediction model, 
developmental data (n=207) 
Traita Mean SD Min. Max. 
CIMF, % 3.76 1.21 1.39 8.14 
PIMF, % 3.76 0.68 1.75 5.40 
DIFF, % 0.00 1.00 -2.38 3.03 
ADIF, % 0.78 0.63 0.00 3.03 
WT, kg 113.5 7.7 97.1 132.4 
BF10, mm 19.2 4.8 10.2 33.0 
LMA, cm2 41.0 4.3 31.9 52.6 
" CIMF = Carcass percentage of intramuscular fat; PIMF = Predicted percentage of intramuscular fat; 
DIFF = PIMF - CIMF; ADIF = Absolute value of PIMF - CIMF; WT = Off-test weight; 
BF10 = Ultrasonic 10lh rib backfat; LMA = Ultrasonic 10th rib loin muscle area. • 
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Table 3. Descriptive statistics for intramuscular fat percentage prediction model validationa 
Model Nh Traitc Mean SD Min. Max. 
VAL 1 619 CIMF, % 2.79 1.12 0.88 8.50 
PIMF, % 3.97 0.71 1.98 6.87 
DIFF, % 1.18 0.93 -5.19 3.72 
ADIF, % 1.30 0.76 0.00 5.19 
WT, kg 122.8 9.9 89.3 1/43.3 
BF10, mm 22.1 5.6 9.7 47.2 
LMA, cm2 42.5 5.4 27.9 65.7 
VAL 2 331 CIMF, % 3.37 0.99 1.40 7.04 
PIMF, % 4.12 0.70 2.44 6.87 
DIFF, % 0.75 0.80 -1.58 3.72 
ADIF, % 0.91 0.62 0.00 3.72 
WT, kg 123.0 10.1 89.3 143.3 
BF10, mm 22.1 5.1 9.7 40.9 
LMA, cm2 43.1 4.6 31.4 62.0 
a VAL - Validation data from National Pork Board's Genetics of Lean Efficiency Project: 1 - All data; 
2 = Duroc data only; 3 = Yorkshire data only. 
b N = Number of pigs. 
c CIMF = Carcass percentage of intramuscular fat; PIMF = Predicted percentage of intramuscular fat; 
DIFF = PIMF - CIMF; ADIF = Absolute value of PIMF - CIMF; WT = Off-test weight; 
BF10 = Ultrasonic 10lh rib backfat; LMA = Ultrasonic 10lh rib loin muscle area. 
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Table 3. (Continued) 
Model N' Trait' Mean SD Min. Max. 
VAL 3 288 CIMF, % 
PIMF, % 
DIFF, % 
ADIF, % 
WT,kg 
BFIO, mm 
LMA, cm2 
2.12 
3.80 
1.68 
1.74 
122.4 
22.4 
41.9 
0.86 
0.69 
0.82 
0.67 
9.7 
5.8 
6.0 
0.88 
1.98 
-5.19 
0.06 
94.8 
9.7 
27.9 
8.50 
5.97 
3.51 
5.19 
141.5 
47.2 
65.7 
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Table 4. Standard errors of prediction, Pearson product moment correlations, and Spearman 
rank correlation coefficients from validation data" 
SEPh PCORc RCORd 
VAL 1 (X93 (Ï56 055 
VAL 2 0.80 0.60 0.56 
VAL 3 0.82 0.46 0.55 
a VAL = Validation data from National Pork Board's Genetics of Lean Efficiency Project: 1 = All data; 
2 = Duroc data only; 3 = Yorkshire data only. 
b SEP = Standard error of prediction. 
c PCOR = Pearson product moment correlation between predicted and carcass intramuscular fat percentage. 
d RCOR = Spearman rank correlation between predicted and carcass intramuscular fat percentage. 
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Table 5. Frequency of the absolute difference between predicted and carcass intramuscular 
fat percentage from validation data3 
ADIFb VAL 1 VAL 2 VAL 3 
± 0.50 % 23 % 39% 6% 
± 1.00 % 43 % 65 % 17 % 
±  1 .50% 66 % 88 % 42% 
+ 2.00 % 86% 97 % 73 % 
11 VAL = Validation data from National Pork Board's Genetics of Lean Efficiency Project: 1 = All data; 
2 = Duroc data only; 3 = Yorkshire data only. 
b ADIF = Absolute difference between predicted and carcass intramuscular fat percentage. 
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Table 6. Distribution of classes for carcass intramuscular fat percentage (CIMF) and 
predicted intramuscular fat percentage (PIMF) from validation dataa 
Class 1 Class 2 Class 3 Class 4 Class 5 Class 6 
Validation 2.01- 3.01- 4.01- 5.01-
Data Set b <2 .0% 3.0% 4.0% 5.0% 6.0% > 6.0% 
VAL 1 CIMF 175 203 156 66 16 6 
PIMF 4 50 269 253 42 4 
VAL 2 CIMF 21 101 130 60 16 4 
PIMF 1 18 121 160 28 4 
VAL 3 CIMF 153 101 26 6 0 2 
PIMF 3 32 146 93 14 0 
a Number of pigs in a given class. 
b VAL = Validation data from National Pork Board's Genetics of Lean Efficiency Project: 1 = All data (n=622); 
2 = Duroc data only (n=332); 3 = Yorkshire data only (n=288). 
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Figure 1. Example ultrasound image used for prediction of intramuscular fat percentage. 
" Fat layers. 
b Trapezius muscle. 
c Region of Interest- 100 X 100 pixel area, 10 image parameters generated from this region. 
cl 10th rib. 
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Developmental  Data 
Figure 2. Regression of carcass on predicted intramuscular fat percentage from developmental data. 
11 Developmental data = Purebred Durocs from Iowa State University Swine Breeding Farm. 
b PIMF = Predicted intramuscular fat percentage. 
c CIMF = Carcass intramuscular fat percentage. 
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Figure 3. Regression of carcass on predicted intramuscular fat percentage from validation data set 1. 
a VAL 1 = Validation data from National Pork Board's Genetics of Lean Efficiency Project, Duroc and 
Yorkshire pigs. 
b PIMF = Predicted intramuscular fat percentage. 
c CIMF = Carcass intramuscular fat percentage. 
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Figure 4. Regression of carcass on predicted intramuscular fat percentage from validation data set 2. 
" VAL 2 = Validation data from National Pork Board's Genetics of Lean Efficiency Project, Duroc pigs only. 
b PIMF = Predicted intramuscular fat percentage. 
c CIMF = Carcass intramuscular fat percentage. 
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Figure 5. Regression of carcass on predicted intramuscular fat percentage from validation data set 3. 
11 VAL 3 = Validation data from National Pork Board's Genetics of Lean Efficiency Project, Yorkshire pigs 
only. 
b PIMF = Predicted intramuscular fat percentage. 
c CIMF = Carcass intramuscular fat percentage. 
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Abstract: Data from two national progeny testing programs were used to compare the 
relationships of intramuscular fat percentage of the longissimus predicted using real-time 
ultrasound (PIMF) and chemical intramuscular fat percentage (CIMF) with meat quality 
traits in pigs. A total of 821 purebred (Yorkshire, Duroc, Chester White, Poland China, and 
Berkshire) barrows and gilts were ultrasonically evaluated 5 d prior to harvest with an Aloka 
500 SSD ultrasound machine. A minimum of four longitudinal and one cross-sectional 
ultrasound image were collected. Intramuscular fat percentage was predicted (PIMF) using a 
model that included image parameters from the longitudinal images and backfat from the 
cross-sectional image. Chemical intramuscular fat percentage (CIMF) was determined by lab 
analysis of a slice from the longissimus at the 10th rib. Meat quality traits measured were: 
Minolta reflectance, Hunter L, and pH (24 and 48 h); water holding capacity (WHC) and 
subjective visual scores for color, marbling, and firmness (48 h); Instron tenderness, cooking 
loss, and trained sensory panel evaluations (5 d). Duroc pigs were superior to Yorkshires (P 
< 0.05) for all traits measured, except sensory tenderness, cooking loss, and Instron star 
probe force. No differences (P < 0.05) were found between Duroc, Berkshire, Chester 
White, and Poland China pigs for Minolta reflectance and Hunter L values, pH, subjective 
color and firmness, sensory flavor score, and WHC. Barrows had higher chemical and 
predicted IMF percentage when compared to gilts (P < 0.05), and gilts had darker 
longissimus color evaluated with the Minolta. Heritability estimates for CIMF and PIMF 
were 0.45 and 0.52, respectively, and the genetic correlation between them was 0.76. 
Genetic correlation estimates for PIMF and CIMF with pH measured 48 h post-mortem were 
0.40 and 0.27, respectively. The genetic correlations between PIMF and tenderness, 
juiciness, and flavor were 0.29, 0.67, and 0.66, respectively. The genetic correlations 
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between CIMF and tenderness, juiciness, and flavor were 0.35, 0.53, and 0.54, respectively. 
Genetic correlation estimates for PIMF and CIMF with WHC were -0.40 and -0.25, 
respectively. The genetic correlations of PIMF and CIMF with remaining meat quality traits 
were similar. Selection for intramuscular fat percentage estimated from chemical analysis or 
by real-time ultrasound should yield similar genetic changes in other meat quality traits in 
pigs. 
Keywords: Swine, meat quality, genetic parameters 
Introduction 
Visual and eating quality of fresh pork is important to pork processors, wholesale and 
retail suppliers, and consumers. Several traits have been investigated as indicators of 
consumer acceptance of pork (NPPC, 1995). Color, pH, intramuscular fat percentage (IMF), 
and tenderness of the longissimus have been shown to be low to moderately heritable 
(Sonesson et al., 1998; Knapp et al., 1997; Cameron, 1990) and to impact overall consumer 
acceptance of fresh pork (NPPC, 1995). However, measuring these traits in the live animal is 
difficult. Real-time ultrasound has been investigated as a means to predict IMF in live pigs 
(Newcom et al., 2002a) and could be used in selection for improved meat quality. However, 
the relationship between ultrasonic measures of IMF and other meat quality traits in pigs has 
not been investigated. 
Selection for IMF based upon chemical IMF from progeny or sib testing should lead 
to correlated responses in other meat quality traits based upon genetic parameters currently 
published (Sonesson et al., 1998; Knapp et al., 1997; Cameron, 1990). Selection programs 
based on progeny or sib testing require a longer generation interval, decrease accuracy of 
estimated breeding values (EBV based on progeny and sib information), lower selection 
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intensity, and result in increased costs. However, different selection responses could be 
expected when selection is based upon IMF predicted from real-time ultrasound measured on 
live breeding animals. This selection procedure would shorten the generation interval, raise 
selection intensity, increase the accuracy of the EBV (every pig would have a measurement), 
and decrease measurement costs. 
The objective of this study was to estimate breed and gender differences and genetic 
parameters for IMF of the longissimus predicted using real-time ultrasound in live pigs. A 
second objective was to estimate the relationships between this trait and carcass, meat, and 
eating quality traits in pigs. 
Materials and Methods 
Data utilized and traits measured 
Data from two national progeny testing and genetic evaluation programs were used in 
this study. Details of these programs are described in Newcom et al. (2002b). Yorkshire and 
Duroc barrows and gilts (n = 598) from the National Pork Board's Genetics of Lean 
Efficiency project, and Yorkshire, Duroc, Chester White, Poland China, and Berkshire 
barrows and gilts (n = 223) from the National Barrow Show sire progeny test were included. 
All pigs were purebred with complete, three-generation pedigrees. 
Pigs were weighed off test weekly and ultrasonically evaluated 5 d prior to harvest 
with an Aloka 500 SSD ultrasound machine fitted with a 12-cm linear array transducer 
(Corometrics Medical Systems, Inc., Wallingford, CT). Intramuscular fat percentage of the 
longissimus (PIMF) was predicted using the method of Newcom et al. (2002a). After 
harvest, carcasses were evaluated according to the Pork Composition and Quality 
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Assessment Procedures (NPPC, 2000). Backfat and loin muscle area were measured at the 
tenth rib of the carcass. Unless noted, measures were taken on the 10th rib face of the 
longissimus. Minolta reflectance (M24) and Hunter L (L24) (Minolta CR-310, Minolta 
Camera Co., Ltd., Japan, with a 50-mm diameter aperture, D65 illuminant, and calibrated to 
the white color plate), and pH (pH24) (pH star probe, SFK Ltd, Hvidovre, Denmark) were 
measured 24 h post-mortem in the harvest facility. A three-rib, bone-in section of the 
longissimus (10th-12th) was transported to the Iowa State University Meat Laboratory for 
further analysis. Minolta reflectance, Hunter L, and pH were again measured 48 h post­
mortem (M48, L48, and pH48, respectively). A 3.2 mm slice from the 10th-11th rib interface 
of the longissimus was used for chemical intramuscular fat (CIMF) analysis by the method of 
Bligh and Dyer (1959). 
The 11th and 12th rib sections were cut into two 2.54 cm chops and set freshly cut side 
up for 10 min to allow the sample to "bloom". Subjective measures of color (1-6), marbling 
(1-10), and firmness (1-3) were evaluated according to NPPC (2000) on the 11th rib face. 
Water holding capacity was measured on the 11th rib face by the filter paper method of 
Kauffman et al. (1986), and is reported in mg of water absorbed by the filter paper, so lower 
values are more desirable. The 11th and 12th rib chops were taken to the Iowa State 
University Food Science Laboratory and refrigerated at 0° C for 7 d. A trained sensory panel 
with three members (Huff-Lonergan et al., 2002) evaluated cooked loin quality attributes. 
Chops were cooked to 71 ° C in an electric broiler (Amana model ARE 640, Amana, IA), 
with sample temperature monitored by Chromega/Alomega thermocouples attached to an 
Omega digital thermometer (DSS-650, Omega Engineering, Inc., Stamford, CT). Weights 
prior to and immediately after cooking were used to calculate percent cooking loss. 
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Three 1.3 cm3 cubes were removed from the center of the 11th rib sample and 
evaluated by a trained sensory panel for juiciness (1 = dry and 10 = juicy), tenderness (1 = 
tough and 10 = tender), chewiness (1 = not chewy and 10 = very chewy), flavor (1 = little 
pork flavor, bland and 10 = extremely flavorful, abundant pork flavor), and off-flavor (1 = no 
off-flavor and 10 = abundant non-pork flavor) using an end-anchored, 10-point scoring 
system (AMSA, 1995). Individual booths equipped with red overhead lighting were 
provided for each panelist. Deionized, distilled water at room-temperature and unsalted 
crackers were served between samples to cleanse the panelist's palettes. Sample evaluations 
were averaged across panelists for analysis. The 12th rib section was evaluated for tenderness 
using an Instron Universal Testing Machine (model 1122; Instron Corp., Canton, MA) fitted 
with a circular, five-pointed star probe (nine mm diameter with six mm between points) 
(Oltrogge-Hammernick and Prusa, 1987). 
Statistical analyses 
Least squares means were estimated using PROC MIXED (SAS Inst., Cary, NC), 
using a mixed model that included fixed effects for project, breed, sex, and harvest date, and 
the interaction of breed with sex, and a random effect for sire within breed. All other two-
way interactions were tested and were not significant and were eliminated from the final 
analysis model. Distribution of records by breed and gender is shown in Table 1. 
Traits were grouped for analysis by the relationships among traits (traits measured at 
similar times, locations, etc.) and intended to reduce computing difficulty 
(overparameterization of the model with small sample numbers). Predicted and chemical 
intramuscular fat percentages were included in each group. Trait groups and summary 
statistics are shown in Table 2. 
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Genetic parameters were estimated within each trait group using the multiple-trait 
option of derivative-free maximum likelihood (DFREML) of Meyer (1991). The program 
was run to convergence from two independent starting points to ensure all ending values 
reached global maxima. The version of DFREML utilized for analyses allowed for the 
estimation of SE of variance components and genetic parameters by using the average 
information matrix. The animal model fitted was: y = Xb + Zu + e, where y = vector of 
observations; b = vector of fixed effects (project, breed, sex, and harvest date); u = vector of 
random additive genetic effects, which includes the numerator relationship matrix among 
animals; and e = vector of residuals. The incidence matrices relating observations to fixed 
and random animal effects are X and Z, respectively. 
Results and Discussion 
Breed and gender effects 
Least squares means (± SE) by breed are shown in Table 3. Duroc pigs were superior 
(P < 0.05) to Yorkshire pigs for all quality traits measured, except sensory tenderness, 
cooking loss, and Instron star probe force. Durocs also had higher (P < 0.05) CIMF values 
and subjective marbling scores when compared to Berkshire, Chester White, and Poland 
China pigs. Berkshire and Duroc pigs had the highest predicted IMF percentage (4.13), but 
were not different from Chester White or Poland China pigs. Berkshires required the lowest 
Instron star probe force for compression and had the highest sensory panel tenderness score, 
but were not different (P < 0.05) from Chester White pigs for these traits. No differences (P 
< 0.05) were found between Duroc, Berkshire, Chester White, and Poland China pigs for 
M24, L24, pH24, M48, L48, pH48, subjective color and firmness, sensory flavor score, and 
water holding capacity. 
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Due to the small sample sizes within the Chester White and Poland China breeds, 
significant differences found by other researchers were not found in this study. Berger et al. 
( 1994) reported Duroc pigs had the highest IMF percentage (P < 0.05), while Berkshires and 
Poland China pigs were not different from each other. They also found Durocs had the 
highest subjective marbling score, but were not different from Berkshires, which disagrees 
with the results of this study. In their study, Berkshires required the lowest Instron star probe 
force, while Durocs, Poland Chinas, and Yorkshires were not different from each other (P < 
0.05). No breed differences were reported for sensory panel juiciness or flavor scores. 
Duroc pigs had the lowest backfat (22.0 mm) but were not different (P > 0.05) from 
the Yorkshire or Chester White breeds. Berkshires had the most backfat, but were not 
different (P > 0.05) from the Poland China or Chester White breeds. Duroc pigs also had the 
largest loin muscle area, but were not different (P > 0.05) from the Yorkshire or Chester 
White breeds. Berkshires had the smallest loin muscle area but were not different from the 
Yorkshire, Chester White, or Poland China breeds. Similar findings were reported by Berger 
et al. (1994). 
Least squares means by gender are reported in Table 4. Barrows had greater 
chemical and predicted IMF percentage when compared to gilts (P < 0.05). Gilts had lower 
M48 values than barrows (P < 0.05), but no subjective color score difference (P > 0.05) was 
found. Gilts also had a higher subjective firmness score and lower filter paper values (better) 
than barrows, but barrows required less Instron star probe force (P < 0.10). No other 
significant meat and eating quality gender differences were observed. Barrows also had 
more backfat and less loin muscle area (P < 0.05) than gilts. 
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Goodwin (1994) found similar sex effects from previous National Barrow Show sire 
progeny test data. He reported gilts had a lower Minolta reflectance value at 24 and 48 h 
post-mortem than barrows. He also reported barrows had a higher chemical IMF percentage 
and required less Instron star probe force, similar to what was seen in this study. He also 
found barrows had more cooking loss than gilts, which was not observed in the current study. 
Genetic parameters 
Herilability estimates for quality and composition traits and genetic correlations 
among them within trait groups are shown in Table 5. Heritability estimates, averaged over 
trait groups, for chemical and predicted IMF were 0.45 and 0.52, respectively, and the 
genetic correlation between them was 0.76. These values were consistent across trait groups. 
Both IMF traits were highly heritable; however, the genetic correlation between the two may 
be indicative that the two traits are not controlled by all of the same genes. Heritability 
estimates for Minolta reflectance, Hunter L, and pH measured 24 h post-mortem were 0.50, 
0.42, and 0.34, respectively. Berger et al. (1994) and Cameron (1990) reported the 
heritability of IMF slightly higher than what was seen in this study (0.63 and 0.53, 
respectively). Knapp et al. (1997) reported heritability estimates for IMF from Large White, 
Landrace, and Pietrain pigs were 0.38, 0.67, and 0.42, respectively. Sonesson et al. (1998) 
reported the heritability of 24 h pH was 0.45, slightly higher than this study. Sellier (1998) 
reported average heritability estimates for chemical IMF and ultimate pH of 0.50 and 0.21, 
respectively. Differences in heritability and genetic correlation estimates across studies need 
to be interpreted carefully, as the estimates are dependent upon the population and the 
method utilized to obtain them (Falconer and Mackay, 1996). Additionally, heritability and 
genetic correlations are not static and can change. 
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The genetic correlations of chemical and predicted IMF with M24, L24, and pH24 
were 0.04, 0.04, and 0.14, and -0.11, -0.15, and 0.21, respectively. These correlations are all 
low and close to zero, indicating neither IMF trait is more highly correlated than the other, so 
similar correlated responses could be expected from selection based upon either trait. Others 
have reported similar findings when chemical IMF, reflectance, and pH were compared 
(Knapp et al., 1997; Berger et al., 1994; Cameron, 1990). Sellier (1998) reported an average 
genetic correlation of -0.53 between reflectance value and pH. This is similar to the result 
from this study (-0.52). 
Heritability estimates for M48 and L48 are similar to those taken at 24 h (Table 5), 
which is different from the findings of Berger et al. (1994). They reported a lower 
heritability for Minolta reflectance measured 48 h post-mortem when compared to values at 
24 h post-mortem. This could be attributable to differences in environmental factors between 
studies. The heritability of pH48 was lower than pH24 (0.09 vs 0.34). Genetic correlations 
of chemical and predicted IMF with M48 and L48 were low and close to zero. However, the 
genetic correlations of pH48 with chemical and predicted IMF percentage were slightly 
higher (0.27 and 0.40, respectively). 
Heritability estimates for subjective color, marbling, and firmness scores were 0.34, 
0.27, and 0.06, respectively (Table 5). Sonesson et al. (1998) reported the heritability of 
subjective color (Japanese 1-6 scale) was 0.72, higher than in this study, which could be 
caused by differences in the subjective scale of measurement. They also found the 
heritability of subjective marbling score to be 0.24, similar to this study. Berger et al. (1994) 
found the heritability of subjective color score to be similar to this study, but reported a 
higher heritability for subjective marbling score (0.57). This difference in heritability for 
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subjective marbling score could be due to reduced variation (phenotypic) in the population 
studied by Berger et al. (1994). 
Chemical IMF is more highly correlated with marbling and firmness scores than is 
predicted IMF, while predicted IMF is more highly correlated with subjective color (Table 
5). These relationships indicate that higher subjective color values could result when 
selection is based on predicted IMF when compared to chemical IMF, while higher 
subjective marbling and firmness scores would be expected when selection is based on 
chemical IMF. 
Heritability estimates for the sensory panel evaluation traits of juiciness, tenderness, 
chewiness, flavor, and off-flavor scores were 0.18, 0.36, 0.43, 0.16, and 0.16, respectively 
(Table 5). These results are similar to those reported by Cameron (1990), who reported 
heritabilities for juiciness, tenderness, and flavor of 0.18, 0.23, and 0.14, respectively. He 
reported the heritability for abnormal flavor to be slightly higher than in this study (0.31). 
Berger et al. (1994) reported heritability estimates for juiciness and tenderness of 0.12 and 
0.18, slightly lower than in this study. Sellier (1998) reported average heritabilities for 
juiciness, tenderness, and flavor slightly lower than in this study (0.08, 0.29, and 0.09, 
respectively). These lower estimates might be due to differences in sensory panelist training 
or population differences between the two studies. 
Genetic correlations of chemical and predicted IMF with all sensory evaluation traits 
were similar (Table 5). Similar correlated responses in the sensory traits could be expected 
from selection based on either predicted or chemical IMF. Genetic correlations among the 
sensory traits were moderate to high and in the direction expected. Pork chops with higher 
juiciness scores tended to be more tender, less chewy, and have more flavor. The genetic 
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correlation between juiciness and tenderness was lower than that found by Berger et al. 
(1994) and Cameron (1990). Cameron (1990) reported genetic correlations between 
tenderness and flavor (-0.16) and between juiciness and flavor (0.37), both lower than what 
was found in this study, and between tenderness and juiciness (0.55), which is slightly higher 
than in this study. Sellier (1998) reported a genetic correlation between IMF and tenderness 
of 0.15 with a range of -0.08 to 0.53. 
Heritability estimates for water holding capacity, cooking loss, and Instron star probe 
force were 0.15, 0.13, and 0.55, respectively (Table 5). Sellier (1998) reported heritabilities 
for water holding capacity (0.15) and cooking loss (0.16), similar to those found in this study, 
but found a lower average heritability for mechanical tenderness measurements (0.26). This 
difference could be due to mechanical measurement differences (Instron vs Warner-Bratzler 
Shear). The estimate from this study is close to the upper limit in the range of estimates 
reported by Sellier (1998) (0.17 to 0.46). Sonesson et al. (1998) reported the heritability 
estimate for water holding capacity to be similar to this study (0.19). Berger et al. (1994) 
reported the heritability for cooking loss to be 0.20, which is similar to this study. 
Genetic correlations of predicted and chemical IMF with water holding capacity, 
cooking loss, and Instron star probe force were -0.40, -0.38, and -0.23, and -0.25, -0.54, and -
0.25, respectively (Table 5). These values indicate that genetic gain in these traits should be 
similar, regardless of the IMF trait under selection. These results show that pork chops with 
higher IMF content tend to bind more water, lose less water during cooking, and tend to need 
lower Instron star probe force for compression. Sellier reported average genetic correlations 
between IMF and water holding capacity (0.12), IMF and cooking loss (0.07), water holding 
capacity and tenderness (0.23), and water holding capacity and cooking loss (-0.25), different 
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than in this study. Differences in estimates for water holding capacity could be due to 
differences in measurement technique. 
Heritability estimates for backfat and loin muscle area were 0.53 and 0.77 (Table 5), 
respectively, similar to previous literature estimates (Clutter and Brascamp, 1998; Goodwin, 
1994). The genetic correlations of carcass IMF with backfat and loin muscle area were 0.29 
and -0.38, respectively. These genetic correlations are similar to those reported by Sellier 
(1998) and Goodwin (1994). The genetic correlations between predicted IMF and backfat 
and loin muscle area were 0.69 and -0.72, respectively. The genetic correlations between 
predicted IMF and backfat and loin muscle area were markedly different than those between 
carcass IMF and backfat and loin muscle area. This could be due to the inclusion of 10th rib 
off-midline backfat measured via real-time ultrasound in the equation to predict 
intramuscular fat percentage of the longissimus (Newcom et al., 2002a). 
Pork producers and breeding stock companies are beginning to select for meat quality 
traits in pigs. Progeny or sib testing for various meat quality traits is possible, but time 
consuming and expensive. Real-time ultrasound can be used to predict intramuscular fat 
percentage of the longissimus in breeding stock, reducing the generation interval and 
allowing for estimation of breeding values on all pigs. The results of this study show that the 
genetic correlations of meat quality traits with the two measures of intramuscular fat 
percentage are similar. Selection based upon predicted IMF should lead to similar correlated 
responses in meat quality traits when compared to selection based upon chemical IMF from 
progeny or sibs. However, realized response may be greater and cost per unit of response 
may be reduced if predicted IMF selection is practiced, due to the decreased generation 
interval, greater accuracy of estimated breeding values (every animal will have an IMF 
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estimate), .greater selection intensity (harvesting of sibs is not necessary), and decreased cost 
of the IMF measurement. More research is needed to determine the impact of removing 
backfat from the IMF prediction model on accuracy of IMF estimation, and how this affects 
the genetic correlation between predicted IMF and 10th rib off-midline backfat depth. 
Implications 
Real-time ultrasound has been investigated as a tool to estimate intramuscular fat 
percentage in live animals, thereby providing a better means of selecting breeding stock 
superior for meat quality traits to produce the next generation. Since the genetic parameters 
for intramuscular fat percentage estimated by chemical analysis and by real-time ultrasound 
are comparable, similar correlated responses in meat quality traits should be expected when 
selection is based upon estimates obtained by either method. Results show intramuscular fat 
percentage of the porcine longissimus predicted from real-time ultrasound can be used as a 
selection tool and similar change in other meat quality traits should result. 
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Table 1. Distribution of records by breed from the National Pork Board's Genetics of Lean 
Efficiency Project and the 2000 National Barrow Show sire progeny test 
Item Yorkshire Duroc Berkshire Chester Poland Total 
White China 
Sires 64 66 23 6 6 165 
Progeny 
Barrows 145 182 76 8 12 423 
Gilts 145 178 61 2 12 398 
Total 290 360 137 K) 24 821 
progeny 
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Table 2. Trait groups designated for genetic parameter analysis and means and standard 
deviations for selected meat quality traits a from the National Pork Board's Genetics of Lean 
Efficiency Project and the 2000 National Barrow Show sire progeny test 
Trait group Trait Mean SD 
All groups PIMF, % 3.99 0.73 
CIMF, % 2.78 1.06 
Group 1 M24 21.39 3.19 
L24 46.12 3.38 
pH24 5.91 0.26 
Group 2 M48 20.69 2.81 
L48 45.37 3.04 
pH48 5.92 0.27 
° PIMF = intramuscular fat percentage of the longissimus predicted from real-time ultrasound 5 d prior to 
harvest; CIMF = intramuscular fat percentage of the longissimus determined by chloroform-methanol 
extraction; M24/M48 = light reflectance of the 10lh rib cut longissimus surface 24 and 48 h post-mortem with a 
Minolta CR-310; L24/L48 = Hunter light reflectance measured on the 10th rib cut longissimus surface 24 and 48 
h post-mortem with a Minolta CR-310; pH24/pH48 = pH measured with pH star probe on the 10th rib cut 
surface 24 and 48 h post-mortem; C, M, and F = subjective color, marbling, and firmness scores, respectively, 
on the 11th rib cut longissimus surface 48 h post-mortem; JUIC, TEND, CHEW, FLAV, OFF = Sensory 
juiciness, tenderness, chewiness, flavor, and off-flavor traits, respectively, evaluated by trained sensory panel at 
the Iowa State University Food Science Laboratory; WHC = Water holding capacity measured using filter paper 
method; CLOSS = Cooking loss, (weight of 11th rib chop prior to cooking - weight of 11th rib chop after 
cooking) / weight of 11th rib chop prior to cooking; INST = Instron star probe pressure needed to puncture and 
compress the 12lh rib sample to 80% of the sample height with Instron Universal Testing Machine fitted with a 
star probe; BF10 and LMA = 10th rib backfat and loin muscle area, respectively. 
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Table 2. (Continued) 
Trait group Trait Mean SD 
Group 3 C, 1-6 149 0.78 
M, 1-10 2.56 1.15 
F, 1-3 1.99 0.54 
Group 4 JUIC, 1-10 5.94 1.53 
TEND, 1-10 6.66 1.66 
CHEW, 1-10 120 1.48 
FLAV, 1-10 1.99 1.40 
OFF, 1-10 108 2.09 
Group 5 WHC, mg 39.77 23.57 
CLOSS, % 20.58 4.08 
INST, kg 5.51 1.12 
Group 6 BF10, mm 24.23 7.14 
LMA, cm2 41.43 6.27 
Table 3. Meat quality LS means (± SE) by breed from the National Pork Board's Genetics of Lean Efficiency Project and the 
2000 National Barrow Show sire progeny test 
Trait Yorkshire Duroc Berkshire Chester White Poland China 
PIMF, % 3.79 ± 0.08 b 4.13 ±0.08 a 4.13 +0.11 a 3.96 +0.28 ab 3.99 +0.18 ab 
CIMF, % 2.05 +0.09 c 3.30 ± 0.09 a 2.92 ± 0.13 b 2.26 ± 0.36 bc 2.27 ± 0.23 c 
M24 23.04 ± 0.41 b 21.99 ± 0.40 a 21.29 ± 0.51 a 20.44 + 1.18 a 21.79 ± 0.74ab 
L24 47.86 ± 0.43 b 46.76 ± 0.42 a 46.06 +0.54 a 45.18 + 1.26" 46.56 ± 0.79ab 
a Means in a row without a common superscript are different (P < 0.05). Means were determined to be different using pair-wise t-tests. 
d PIMF = intramuscular fat percentage of the longissimus predicted from real-time ultrasound 5 d prior to harvest; CIMF = intramuscular fat percentage of the longissimus 
determined by chloroform-methanol extraction; M24/M48 = light reflectance of the 10th rib cut longissimus surface 24 and 48 h post-mortem with a Minolta CR-310; 
L24/L48 = Hunter light reflectance measured on the 10th rib cut longissimus surface 24 and 48 h post-mortem with a Minolta CR-310; pH24/pH48 = pH measured with 
pH star probe on the 10th rib cut surface 24 and 48 h post-mortem; C, M, and F = subjective color, marbling, and firmness scores, respectively, on the 11th rib cut 
longissimus surface 48 h post-mortem; JUIC, TEND, CHEW, FLAV, OFF = Sensory juiciness, tenderness, chewiness, flavor, and off-flavor traits, respectively, evaluated 
by trained sensory panel at the Iowa State University Food Science Laboratory; WHC = Water holding capacity measured using filter paper method; CLOSS — Cooking 
loss, (weight of 11th rib chop prior to cooking - weight of 11th rib chop after cooking) / weight of 11th rib chop prior to cooking; INST = Instron star probe pressure needed 
to puncture and compress the 12th rib sample to 80% of the sample height with Instron Universal Testing Machine fitted with a star probe; BF10 and LM A = 10th rib 
backfat and loin muscle area, respectively. 
Table 3. (Continued) 
Traitd 
pH24 
M48 
L48 
pH48 
C, 1-6 
M, 1-10 
F, 1-3 
JUIC, 1-10 
TEND, 1-10 
CHEW, 1-10 
FLAV, 1-10 
OFF, 1-10 
Yorkshire Duroc Berkshire Chester White 
5.82 ±0.04" 
21.97 ± 0.35 b 
46.76 ± 0.38 b 
5.78 ± 0.04 b 
3.14 ± 0.09 b 
1.93 ± 0.12 e 
1.78 ± 0.06 b 
5.68 ± 0.18 b 
6.43 ± 0.18 b 
3.43 ± 0.16 e 
1.46 ± 0.15 b 
4.17 ± 0.22 e 
5.93 ± 0.03 a 
21.18 ±0.35 a 
45.92 ± 0.38 a 
5.85 ± 0.04 a 
3.53 ± 0.09 a 
3.36 ± 0.12 a 
2.13 ± 0.06 a 
5.98 ± 0.18 a 
6.66 ± 0.18 b 
3.06 ± 0.16 ab 
2.00 ± 0.14a 
3.34 ± 0.22 b 
5.96 ± 0.04a 
20.61 ±0.46 a 
45.28 ± 0.49 a 
5.94 ± 0.05 a 
3.58 ± 0.12 a 
2.54 ± 0.16 b 
2.07 ± 0.07 a 
6.41 ± 0.24 a 
7.51 ±0.25 a 
3.31 ±0.22 a 
2.11 ± 0.19 a 
2.59 ± 0.29 a 
5.97 ± 0.10 ab 
19.38 ± 1.11a 
43.95 ± 1.20 a 
6.04 ± 0.11 a 
3.75 ± 0.32 ab 
2.45 ± 0.37 bc 
2.17 ±0.21 ab 
6.87 ± 0.63 a 
6.43 ± 0.69 ab 
3.66 ± 0.61 abc 
1.81 ±0.57 ab 
Poland China 
5.92 ± 0.06 ab 
20.53 ± 0.69 ab 
45.20 ± 0.75 a 
5.89 ± 0.07 ab 
3.70 ±0.19 a 
2.09 ± 0.22 e 
2.03 ±0.12 a 
5.17 ± 0.37 b 
6.20 ± 0.43 b 
3.93 ± 0.84 abc 
2.61 ±0.38 
1.98 ±0.33 
2.50 ± 0.47 
bc 
ab 
ab 
Table 3. (Continued) 
Trait' Yorkshire Duroc Berkshire Chester White Poland China 
WHC, mg 
CLOSS, % 
INST, kg 
44.65 + 3.94' 
5.70 ±0.14 
38.26 ± 3.92 1 
21.51 ± 0.44 b 21.27 ± 0.43 b 
5.78 ±0.14' 
33.31 ±4.48 27.22 ± 8.71 36.90 ±5.61 ab 
20.04 ± 0.58 ab 17.82 ± 1.71 a 20.59 ± 0.94 ab 
5.08 ± 0.19 a 5.15 ± 0.47 ab 5.90 ± 0.30 b 
BF10, mm 22.76 ± 0.72 22.05 ±0.71 31.07 ± 0.99 b 26.22 ± 2.49 ab 28.26 ± 1.62 b 
LMA, cm 41.96 ± 0.64 ab 42.83 ± 0.63 a 37.18 ± 0.90 bc 41.95 ± 2.18 ab 38.89 ± 1.53 bc 
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Table 4. Meat quality LS means by gender from the National Pork Board's Genetics of Lean 
Efficiency Project and the 2000 National Barrow Show sire progeny test 
Traita Barrow Gilt Ave. SE" 
PIMF, % 4.26" 3.74" 0.10 
CIMF, % 2.84" 2.28" 0.12 
M24 21.92 21.51 0.47 
L24 46.71 46.26 0.50 
pH24 5.93 5.91 0.04 
M48 21.33^ 20.14" 0.42 
" PIMF = intramuscular fat percentage of the longissimus predicted from real-time ultrasound 5 d prior to 
harvest; CIMF = intramuscular fat percentage of the longissimus determined by chloroform-methanol 
extraction; M24/M48 = light reflectance of the 10th rib cut longissimus surface 24 and 48 h post-mortem with a 
Minolta CR-310; L24/L48 = Hunter light reflectance measured on the 10lh rib cut longissimus surface 24 and 48 
h post-mortem with a Minolta CR-310; pH24/pH48 = pH measured with pH star probe on the 10th rib cut 
surface 24 and 48 h post-mortem; C, M, and F = subjective color, marbling, and firmness scores, respectively, 
on the 11th rib cut longissimus surface 48 h post-mortem; JUIC, TEND, CHEW, FLAV, OFF = Sensory 
juiciness, tenderness, chewiness, flavor, and off-flavor traits, respectively, evaluated by trained sensory panel at 
the Iowa State University Food Science Laboratory; WHC = Water holding capacity measured using filter paper 
method; CLOSS = Cooking loss, (weight of 11th rib chop prior to cooking - weight of 11th rib chop after 
cooking) / weight of 11th rib chop prior to cooking; INST = Instron star probe pressure needed to puncture and 
compress the 12lh rib sample to 80% of the sample height with Instron Universal Testing Machine fitted with a 
star probe; BF10 and LMA - 10th rib backfat and loin muscle area, respectively. 
b Standard error for each trait averaged across genders. 
cd Means in a row without a common superscript are different (P < 0.05). 
el Means in a row without a common superscript are different (P < 0.10). 
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Table 4. (Continued) 
Trait3 Barrow Gilt Ave. SEb 
L48 46.07d 44.77c 045 
pH48 5.90 5.90 0.05 
C, 1-6 150 157 0.11 
M, 1-10 2.58 2.37 0.15 
F, 1-3 1.95 f 2.12 "= 0.07 
JUIC, 1-10 5.92 6.12 0.23 
TEND, 1-10 6.84 6.45 0.23 
CHEW, 1-10 3.09 3.34 0.20 
FLAV, 1-10 2.03 1.72 0.19 
OFF, 1-10 2.85 c 3.76d 0.29 
WHC,mg 39.04 f 33.10= 4.35 
CLOSS, % 20.02 20.47 0.58 
INST, kg 5.34' 5.70 ' 0.17 
BF10, mm 29.03d 23.10" 0.87 
LMA, cm2 38.01^ 43.12" 0.74 
Table 5. Heritability estimates and genetic correlations a for chemical and predicted intramuscular fat percentage and selected 
meat quality traits of the porcine longissimus muscle from the National Pork Board's Genetics of Lean Efficiency Project and 
the 2000 National Barrow Show sire progeny test 
Traitb CIMF PIMF M24 L24 pH24 M48 L48 pH48 
CIMF 0.45 ± 0.09 0.76 ±0.09 0.04 ±0.16 0.04 ±0.17 0.14 ±0.18 0.22 ±0.15 0.22 ±0.17 0.27 ± 0.32 
PIMF 0.52 ±0.09 -0.11 ±0.15 -0.15 ±0.16 0.21 ±0.16 0.02 ±0.15 0.00 ±0.17 0.40 ± 0.30 
M24 0.50 ±0.10 0.99 ±0.01 -0.52 ±0.14 
L24 0.42 ± 0.09 -0.53 ±0.14 
pH24 0.34 ±0.09 
M48 0.51 ±0.10 0.99 ±0.01 0.05 ±0.30 
L48 0.39 ±0.10 0.11 ±0.34 
pH48 0.09 ± 0.07 
a Heritability estimates on diagonal, genetic correlations above diagonal 
b CIMF = chemical intramuscular fat percentage of the longissimus; PIMF = intramuscular fat percentage of the longissimus predicted from real-time 
ultrasound; M24/M48 = light reflectance of the 10th rib cut longissimus surface 24 and 48 h post-mortem; L24/L48 = Hunter light reflectance measured 
on the 10th rib cut longissimus surface 24 and 48 h post-mortem; pH24/pH48 = pH measured with pH star probe on the 10th rib cut surface 24 and 48 h 
post-mortem. 
Table 5. (Continued) 
Traitb C M F JUIC TEND CHEW FLAV OFF 
CIMF 0.00 ±0.18 0.97 ±0.12 0.31 ±0.38 0.53 ± 0.22 0.35 ±0.17 -0.50 ±0.15 0.54 ± 0.23 -0.41 ±0.26 
PIMF 0.24 ±0.16 0.62 ±0.14 0.08 ±0.34 0.67 ± 0.20 0.29 ±0.16 -0.42 ±0.15 0.66 ±0.23 -0.57 ± 0.24 
C 0.34 ± 0.09 0.16 ±0.20 0.81 ±0.43 
M 0.27 ± 0.08 0.50 ±0.41 
F 0.06 ± 0.07 
JUIC 0.18 ±0.08 0.39 ±0.20 -0.42 ± 0.20 0.82 ±0.27 -0.81 ±0.33 
TEND 0.36 ±0.09 -0.90 ± 0.06 0.47 ± 0.23 -0.59 ±0.24 
CHEW 0.43 ± 0.09 -0.69 ±0.21 0.64 ±0.24 
FLAV 0.16 ±0.08 -0.90 ±0.21 
OFF 0.16 ±0.08 
b CIMF = chemical intramuscular fat percentage of the longissimus; PIMF = intramuscular fat percentage of the longissimus predicted from real-time 
ultrasound; C, M, and F = subjective color, marbling, and firmness scores, respectively, on the 11th rib cut longissimus surface 48 h post-mortem; JUIC, 
TEND, CHEW, FLAV, OFF = Sensory juiciness, tenderness, chewiness, flavor, and off-flavor traits, respectively, evaluated by trained sensory panel at 
the Iowa State University Food Science Laboratory. 
Table 5. (Continued) 
Trait" WHC CLOSS INST BF10 LMA 
CIMF -0.25 ± 0.25 -0.54 ± 0.29 -0.25 ±0.15 0.29 ±0.14 -0.38 ±0.12 
PIMF -0.40 ± 0.23 -0.38 ± 0.26 -0.23 ±0.14 0.69 ±0.10 -0.72 ± 0.09 
WHC 0.15 ±0.08 0.78 ± 0.37 0.24 ± 0.22 
CLOSS 0.13 ±0.07 0.67 ±0.20 
INST 0.55 ±0.09 
BF10 0.53 ± 0.09 -0.52 ± 0.09 
LMA 0.77 ± 0.09 
CIMF = chemical intramuscular fat percentage of the longissimus; PIMF = intramuscular fat percentage of the longissimus predicted from real-time 
ultrasound; WHC = Water holding capacity measured using filter paper method; CLOSS = Cooking loss, (weight of 11th rib chop prior to cooking -
weight of 11th rib chop after cooking) / weight of IIth rib chop prior to cooking; INST = Instron star probe pressure needed to puncture and compress the 
12th rib sample to 80% of the sample height with Instron Universal Testing Machine fitted with a star probe; BF10 and LMA = 10th rib backfat and loin 
muscle area, respectively. 
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CHAPTER 5. COMPARISON OF THREE MODELS TO ESTIMATE BREEDING 
VALUES FOR LOIN INTRAMUSCULAR FAT PERCENTAGE IN DUROC SWINE 
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Abstract: Data from a selection project designed to increase intramuscular fat percentage 
(IMF) were used to compare selection candidate rankings based on breeding values estimated 
from three different models and to investigate the effects of breeding value estimates on 
selection differentials and expected response. The models compared were: Model 1) A two-
trait animal model used in the selection experiment, which included ultrasound IMF from all 
pigs scanned and carcass IMF from those pigs harvested to estimate breeding values for both 
carcass (CI) and ultrasound IMF (Ul); Model 2) A single-trait animal model which included 
ultrasound IMF values on all pigs scanned to estimate breeding values for ultrasound IMF 
(U2); and Model 3) A multiple-trait model including carcass IMF from those pigs harvested 
and the first three principle components from a total of ten image parameters averaged across 
four longitudinal ultrasound images to estimate breeding values for carcass IMF (C3). 
Spearman rank correlation coefficients between Ul and CI, Ul and U2, and CI and C3 were 
0.95, 0.97, and 0.92, respectively. Other rank correlations were below 0.85. Selection 
differentials for pigs in generation 3 were greatest when ranking pigs based on CI, followed 
by Ul, U2, and C3. In the selection experiment, approximately the top 10% of boars and 
50% of gilts are selected. Selection differentials and estimated responses were compared 
when selecting the top 1, 5, and 10% of boars and top 50% of gilts. The largest selection 
differential was found when selecting animals based on carcass IMF EBV from Model 1. 
The greatest loss in selection differential was found for selection based on C3 when selecting 
the top 10% and 1 % of boars and 50% of gilts. The loss in estimated response when 
selecting varying percentages of boars and the top 50% of gilts was greatest when selection 
was based on C3 (16.0 to 25.8%) and lowest for selection based on Ul (1.3 to 10.9%). 
Estimated genetic change from selection based on carcass IMF was greater when compared 
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to selection based on ultrasound IMF due to the lower heritability estimate and reduced 
variation for ultrasound IMF and similar selection intensities. Results show selection based 
on a combination of ultrasonically predicted IMF and sib carcass IMF produced the greatest 
selection differentials and should lead to the greatest genetic change. 
Key Words: Breeding value estimation, Intramuscular fat percentage, Pigs, Selection 
Introduction 
Intramuscular fat percentage of the loin (IMF) (marbling) has become an important 
indicator of meat quality and more importantly, plays a role in consumer acceptance of fresh 
pork (NPPC, 1995). Until recently, genetic evaluation and selection for IMF has been 
limited to sib and progeny testing to evaluate a sire's ability to produce progeny with higher 
degrees of marbling. Real-time ultrasound has been shown as a reliable method to estimate 
IMF in live pigs (Newcom et al., 2002), and is as highly heritable and has similar genetic 
correlations with other indicator traits of meat quality when compared to carcass IMF 
determined by chemical analysis (Newcom et al., 2004). 
In order to maximize genetic response for a trait of interest, superior breeding stock 
must be accurately identified and selected. Direct selection for a trait measured on sibs after 
harvest has been shown to result in less genetic gain than indirect selection using a closely 
related trait measured on the live animal (Martin and Fredeen, 1967). Incorporating pedigree 
or multiple trait information has been shown to yield more accurate estimated breeding 
values for traits of economic importance (Henderson and Quaas, 1976; Mabry et al., 1987). 
The objectives of this study included: 1.) compare selection candidate rankings based 
on breeding values estimated from three different models; 2.) investigate the effects of 
breeding value estimates on selection differentials and expected response when selecting the 
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top 1, 5, and 10% of boars and 50% of gilts. Models are compared utilizing breeding values 
estimated for individuals immediately after the test period and with data for all sires with 
progeny records to simulate a progeny testing scheme. 
Materials and Methods 
Selection project 
The data utilized in this study were from a selection project for increased 
intramuscular fat percentage at the Bilsland Memorial Swine Breeding Farm at Iowa State 
University. The project was started by purchasing 45 Duroc gilts from Duroc breeders 
around the Midwest. Two generations of random mating using Duroc boars available at 
regional boar studs were used to expand the population and produce the base population of 
56 litters. At weaning, two boars in each litter were randomly selected to remain intact. All 
other boars in the litter were castrated. At an average weight of 110 kg, pigs were scanned 
with an Aloka 500V SSD ultrasound machine for measurement of 10th rib off-midline 
backfat depth and loin muscle area. A minimum of four longitudinal images were collected 
seven cm off-midline across the 10th to 13th ribs and used to predict IMF by the method of 
Newcom et al. (2002). 
All barrows within each litter meeting the minimum weight requirement (> 97 kg) 
were harvested 5 d after scanning. If no barrows were available, a randomly chosen gilt was 
harvested. After harvest, a slice of the longissimus muscle from the 10th to 11th rib interface 
was analyzed for carcass IMF by the method of Bligh and Dyer (1959). In total, 372 pigs 
were scanned and 130 pigs harvested in the base generation. 
From the litters produced, littermate pairs of gilts were randomly selected with one 
designated to the control line and one to the select line and used to produce generation 1. 
Gilts within each littermate pair across both lines were mated to the same boar (via natural 
mating or artificial insemination) to maintain genetic ties between the lines before selection 
was initiated. A total of 24 sires from 14 sire families were used to produce 50 control and 
45 select line litters. At weaning, two boars in each litter were randomly selected to remain 
intact and all other boars in the litter were castrated. When generation 1 animals reached an 
average of 110 kg, pigs were scanned and harvested according to the protocol discussed 
above. In total, 618 pigs were scanned and 150 pigs were harvested from generation 1. 
Breeding value estimation 
Breeding values were estimated for ultrasound and carcass IMF by fitting a two-trait 
animal model and the full relationship matrix in MATVEC (Wang et al., 2003). Genetic and 
environmental variances and covariances were estimated using ultrasound and carcass IMF 
values from 378 pigs harvested using the following model: y = Xb + Za + Hd + P + e, where 
y = the vector of observations; b = the vector of fixed effects (scan contemporary group, 
harvest contemporary group, and sex), a = the vector of random additive genetic effects, 
which includes the numerator relationship matrix among animals; d = the vector of common 
litter effects, which was assumed to be uncorrelated with the random animal effects, p = 
linear covariate of off-test weight, and e = the vector of residuals. The incidence matrices 
relating observations to fixed, random animal, and common litter effects are X, Z, and H, 
respectively. 
In the select line, the 10 boars and 75 gilts with the highest carcass IMF EBV were 
selected. To minimize inbreeding, no more than 2 boars per sire family were selected, 
selection of full-sib boars was not permitted, and no more than 5 gilts per litter were selected. 
In the control line, one boar from each of the 14 sire families and 60 gilts representing all 14 
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sire families were randomly selected. Animals within each line were randomly mated to 
produce generation 2, with matings designed to minimize inbreeding and ensure several 
litters by each selected boar. 
In generation 2, 56 select and 36 control line litters were produced. A total of 588 
pigs were scanned and 103 pigs were harvested. In generation 3, 54 select and 38 control 
litters were produced. A total of 634 pigs were scanned and 145 pigs were harvested. The 
genetic evaluation procedure described above was performed to rank selection candidates. 
No more than 2 full sib pairs and 3 half sibs per sire were selected to control inbreeding. In 
the control line, one boar from each sire family and 65 gilts representing all viable litters 
were randomly selected. Descriptive statistics by generation for IMF predicted from real­
time ultrasound and from carcass samples are shown in Table 1. 
Model comparison 
The models compared were: Model 1) The two-trait animal model used in the 
selection experiment, which included ultrasound IMF from all pigs scanned and carcass IMF 
from those pigs harvested, to estimate breeding values for both carcass (CI) and ultrasound 
IMF (Ul); Model 2) A single-trait animal model which included ultrasound IMF values on 
all pigs scanned to estimate breeding values for ultrasound IMF (U2); and Model 3) A 
multiple-trait model including carcass IMF from those pigs harvested and the first three 
principle components (which explained 96% of the variation) from a total of ten image 
parameters averaged across the four longitudinal ultrasound images to estimate breeding 
values for carcass IMF (C3). Model 3 was included to compare whether the ultrasound IMF 
value needs to be estimated or whether the phenotypic image parameter values could be 
included in the breeding value estimation. Estimated breeding values were compared using 
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Spearman rank correlation coefficients of SAS (Cary, NC). Assuming selection of the top 
10%, 5%, and 1% of boars and 50% of gilts, selection differentials, expected responses, and 
loss in selection differentials were compared for the three models using select line boars and 
gilts from generation 3 (n = 299). Models were also compared utilizing estimated breeding 
values for all sires (n = 83) with progeny data across the four generations to simulate a 
progeny test. 
Results and Discussion 
Genetic parameters used in each of the three models are shown in Table 2. Genetic, 
common litter, and residual variances and standard errors for ultrasound IMF were similar 
between models 1 and 2. This indicates similar amounts of variation in ultrasound IMF were 
explained by common effects in both models. However, the genetic, common litter, and 
residual variances for carcass IMF were different between models 1 and 3. This indicates 
effects in each model are explaining different proportions of the variation in the observations. 
Heritability estimates for ultrasound IMF were similar (0.22 and 0.25), regardless of model, 
but were lower than those reported by Newcom et al. (2004) when evaluating ultrasound IMF 
from multiple breeds. Heritability estimates for carcass IMF were numerically different, but 
had similar standard errors, having a higher h2 for carcass IMF when including principle 
components in the multiple-trait model when compared to the model that included ultrasound 
IMF. However, both heritability estimates for carcass IMF were close to the mean of 0.50 
from 19 estimates reported by Sellier (1998) and within the reported range of 0.26 to 0.86. 
The genetic correlation between ultrasound and carcass IMF from model 1 was 0.82 which 
indicates the two traits are highly related, as expected. This is slightly higher than the value 
of 0.76 reported by Newcom et al. (2004). 
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Mean breeding values, standard deviations, and ranges of breeding values were 
similar for U1 and U2 (data not shown). Similarly, the corresponding values for CI and C3 
were also very close. Differences between models estimating breeding values for the same 
trait (carcass or ultrasound IMF) were small, but differences between models to estimate 
breeding values for different traits were approximately two-fold greater for carcass IMF. 
This indicates breeding values for carcass IMF had more variability, separating selection 
candidates over a greater range and allowing for more genetic progress in carcass IMF when 
compared to ultrasound IMF. Reduced genetic variation in ultrasound IMF could be 
attributable to the regression technique used to predict the value. Regression methods regress 
predicted values toward the mean of the measured values, reducing the variation in the 
predicted values when compared to the measured values. 
Spearman rank correlation coefficients between breeding values estimated from three 
different models for all pigs scanned are shown in Table 3. The highest correlation 
coefficient was between the breeding values for ultrasound IMF from models 1 and 2 (0.97). 
This high correlation between breeding values could be due to the limited effect the inclusion 
of sib carcass IMF into the genetic evaluation has on ultrasound IMF breeding value 
estimation. These results indicate animals ranked nearly the same when ultrasound IMF is 
evaluated with carcass IMF in a two-trait animal model or alone in a single-trait model. This 
similarity in boar rankings by including or excluding sib carcass data is similar to the effect 
of including or excluding reference sires from the genetic evaluation of swine test station 
data reported by Mabry et al. (1987). The rank correlation coefficient between carcass IMF 
from model 1 and ultrasound IMF from model 2 was 0.86. The rank correlation between 
carcass IMF EBV from Model 1 and carcass IMF EBV from Model 3 was 0.92, indicating 
I l l  
the two models rank animals similarly. Rank correlations between ultrasound IMF EBV 
from Models 1 and 2 and carcass IMF from Model 3 were 0.81 and 0.68, respectively, which 
indicates differences in rankings of animals, and selection candidates would be different 
between the models. 
When evaluating breeding values for sires with progeny records across all four 
generations, rank correlation coefficients between breeding values from the three models 
were similar to the corresponding values from the analysis with all pigs scanned (Table 3). 
When evaluating breeding values from pigs in generation 3, the rank correlation coefficient 
between ultrasound IMF from models 1 and 2 was 0.98 (data not shown). The correlation 
coefficient between carcass IMF from model 1 and ultrasound IMF from model 2 was 0.93. 
This indicates pigs from the current generation rank more similarly for carcass IMF EBV 
from model 1 and ultrasound IMF EBV from model 2 than do all pigs from all four 
generations. This is most likely due to an improvement in ultrasound image quality, which 
should lead to more accurate ultrasound IMF values. The rank correlation coefficients 
reported should be interpreted carefully, as the magnitude results, at least in part, from the 
high genetic correlation between the traits and the structure of the data with approximately 
25% of the pigs having both measures of IMF. 
Selection differentials, loss in selection differential, estimated response, and loss in 
estimated response across the three models for select line pigs from generation 3 and for sires 
with progeny records are shown in Table 4. As expected, the selection differential in carcass 
IMF EBV increased as the intensity of boar selection increased. When selecting the top 10% 
of boars in the select line, the greatest reduction in carcass IMF response (Model 1) was 
found when ranking boars based on carcass IMF EBV from model 3 (22.8%). Selection 
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based on ultrasound IMF EBV from model 2 was only slightly better at 18.5%. Selection 
based on ultrasound IMF EBV from model 1 resulted in a loss of 5.3% response in carcass 
IMF. When selecting the top 5% of boars, the three alternative EBV differed little in lost 
selection differential when compared to carcass IMF (Model 1). For selection of the top 1% 
of boars, ranking boars based on carcass IMF EBV from model 3 resulted in a 27.1% loss in 
selection differential. Since selecting the top 1 % resulted in only a single boar being 
selected, the other three models all ranked the top boar the same, so no loss in selection 
differential was found for rankings based on either ultrasound IMF EBV. If the population 
had been large enough that the top 1% had resulted in more boars being selected, models 1 
and 2 may not have selected the exact same boars. The greatest loss in selection differential 
when selecting gilts was also from rankings based on carcass IMF EBV from Model 3. 
Estimated response (Table 4) was calculated as (EBVS + EBVD) / 2, where EBVs is 
equal to the mean genetic superiority of the selected boars (mean EBV of selected group 
minus mean EBV of selection candidates) and EBVD is equal to the average genetic 
superiority of the selected gilts (mean EBV of selected group minus mean EBV of selection 
candidates) (Falconer and Mackay, 1996). Results from the estimated response and loss in 
estimated response analysis closely mirror the results from the selection differential and loss 
in selection differential analysis. Selection based on IMF EBV from model 3 results in the 
lowest estimated response, regardless of the selection intensity of the boars. When selecting 
the top 10% of boars, the lowest loss in estimated response is seen when selection is based on 
the rankings for ultrasound IMF EBV from model 1, and could be indicative of the added 
information provided by inclusion of sib carcass IMF data into the genetic evaluation for 
ultrasound IMF. When selecting the top 5 or 1% of boars, selection based on ultrasound IMF 
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EBV from models 1 and 2 were similar. The difference between loss in estimated response 
between selecting the top 10% and 1 or 5% could be due to the fact that the population was 
small enough that the top boar (1%) or top six boars (5%) may have been so outstanding, it 
didn't matter which model was used for ranking selection candidates. 
Results from the simulated progeny testing scheme were similar to the selection 
differentials and loss in selection differential from generation 3 (Table 4). The loss in 
selection differential by selecting on ultrasound IMF EBV from model 2 compared to 
selection based on carcass IMF EBV from model 1 ranged from 1.7 to 11.0 %, depending on 
whether selection is based on individual or progeny EBV and the percent selected. The 
differences in the results between the individual selection and progeny testing methods are 
attributable to the selection differentials being twice as large when selecting boars based on 
their own EBV after progeny are tested when compared to selection based on an individual's 
own EBV immediately after the test period. Corresponding values for selection based on the 
mean progeny EBV for tested boars is only 1.5 times greater than with individual selection 
without progeny testing. If we consider the lengthened generation interval (two yr as 
opposed to one yr) created by progeny testing (Falconer and Mackay, 1996), the selection 
differentials are approximately equal for individual selection or for progeny testing and 
selecting sires based on their own EBV. Selection of sires after the progeny test based on the 
mean EBV of their progeny would produce smaller selection differentials than the other two 
methods of selection. In addition, if a progeny testing scheme was implemented, fewer boars 
would likely be tested due to space limitations, thereby decreasing the selection intensity. 
However, in a more practical selection program, where males and females are kept for more 
than one generation, sires could be ranked by including individual records along with 
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pedigree records and selected across generations. Even though the breeding values for 
ultrasound IMF are half as large as for carcass IMF, a correlated response in carcass IMF 
would be expected due to the high genetic correlation. 
Using the formula, z * cP * h2, where i is the intensity of selection, oP is the 
phenotypic standard deviation, and h2 is the heritability (Falconer and Mackay, 1996), 
estimated genetic gains for ultrasound and carcass IMF from generation 3 data are shown in 
Table 5. The correlated responses in carcass IMF based on ultrasound IMF selection and 
ultrasound IMF based on carcass IMF selection are also shown. Results demonstrate that 
expected genetic progress is greater when selection is based on carcass IMF than when 
selection is based on ultrasound IMF. When selecting for ultrasound IMF, the correlated 
response in carcass IMF is estimated to be 0.52% compared to the 0.75% estimated by direct 
selection on carcass IMF, a loss in estimated genetic gain of 31%. This is in contrast to the 
results of Martin and Freeden (1967), who showed indirect selection for carcass percent lean 
cuts based on selection for reduced backfat produced genetic gains from 9 to 38% greater 
than when selecting on sib data collected after harvest, depending on the heritability assumed 
for percent lean cuts. This difference can be attributed to the differences in the traits studied, 
where the heritability of the directly selected trait is higher than that of the indirectly selected 
trait. Additionally, the differences in selection intensity between the two methods of 
selection were small (Table 5) and the directly measured trait had substantially greater 
variation than the indirect. Stalder et al. (2003) found greater estimated genetic gain in pH 
when selecting sires (progeny test) based on hydrogen ion concentration when compared to 
selecting sires based on pH, primarily due to the higher heritability for hydrogen ion 
concentration. 
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Since the previous genetic gain estimates were based on the assumption that 
phenotypes were available for all animals, selection index methods (Henderson, 1975) were 
also used to estimate genetic gain. Genetic gain was estimated with improvement in carcass 
IMF as the breeding goal using the Selection Index Program (SIP) (Wagenaar et al., 1995) 
with three different indices: 1.) phenotypic ultrasound IMF records collected on an 
individual, parents, and sibs (full and half); 2.) phenotypic ultrasound IMF records collected 
on an individual, parents, and sibs, and phenotypic carcass IMF records collected on full and 
half sibs; and 3.) phenotypic carcass IMF records collected on full and half sibs. Selection 
intensities were taken from Table 5. 
The greatest genetic gain was estimated from the index that included only ultrasound 
IMF records (0.86). Genetic gain estimated from ultrasound and carcass IMF records was 
similar (0.83). The index with the highest accuracy included ultrasound and carcass IMF 
records, but with the decrease in selection intensity, genetic gain was lower than when 
including only ultrasound IMF records. The lowest estimated genetic gain was from the 
index that included only carcass IMF records from close relatives, indicating the addition of 
ultrasound IMF records improves the potential genetic gain in a breeding program. This 
shows that when resources for boar production are unlimited, genetic gain could be 
maximized when all boars remain intact to increase the size of the selection candidate pool. 
Selections could then be based on an EBV calculated with a selection index from ultrasound 
records on the boars themselves and closely related relatives. 
Of the 12 boars in generation 3 ranked on carcass IMF EBV from model 1, nine of 
those boars were in the top 12 based on ultrasound IMF EBV from model 1 and six were in 
the top 12 based on ultrasound IMF EBV from model 2 and carcass IMF EBV from model 3. 
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This shows more of the same boars would be selected based on rankings for ultrasound IMF 
EBV from model 1, the same model currently used to select boars based on carcass IMF 
EBV. 
When implementing a selection program, the goal is to select individuals superior for 
the trait of interest and keep them for breeding purposes. In this study, the genetic evaluation 
utilizing a two-trait animal model including IMF ultrasound from real-time ultrasound on all 
pigs and carcass IMF from those pigs harvested resulted in the greatest levels of genetic gain. 
In addition, the results show that incorporation of sib carcass data for IMF improves the 
accuracy of identifying individuals to keep for breeding purposes. Rank correlations show 
that similar animals would be selected based on rankings for EBV from models 1 or 2, but 
rankings based on model 3 resulted in substantial loss in estimated response. 
The preferred method to rank individuals in a breeding program is to estimate 
breeding values for several traits (growth, backfat, loin muscle area) with a multiple-trait 
BLUP analysis. A selection index is then used to weight each breeding value by its 
appropriate economic weight and rank animals according to that index value. Incorporating 
IMF estimated from real-time ultrasound into an index of this type would most likely be 
more beneficial than carcass IMF. A real-time ultrasound estimate of IMF could be collected 
at the same time backfat and loin muscle area are measured, reducing the time needed to 
collect the data and eliminating the need for carcass data. One drawback to this selection 
index method is the lack of reliable estimates of economic values for IMF. Further research 
needs to be conducted in order to fully understand this problem. 
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Implications 
In order to make genetic progress, individuals superior for the trait(s) of interest must 
first be identified. Incorporation of ancestral and sib data improves selection accuracy and 
therefore, genetic gain. Our results show similar individuals would be selected based on 
EBV rankings from one- or two-trait animal models, but the two-trait model is preferred 
because it resulted in the greatest levels of expected genetic gain. For the simulated progeny 
testing scheme, selection differentials are approximately equal to those of the individual 
selection method currently implemented when we take into account the lengthened 
generation interval. When evaluating EBV calculated from a selection index, genetic gain 
could be maximized by keeping all boars intact and selecting based on an EBV calculated 
from ultrasound IMF records on all close relatives. Further study or incorporation of this 
method into the current selection project is needed to validate this assumption. 
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Table 1. Descriptive statistics by generation for traits used to estimate breeding values for 
intramuscular fat percentage in Duroc pigs 
Generation Trait3 N Mean SD Min Max PCORb RCOR" 
All CIMF 522 3.84 1.22 1.23 9.05 0.50 0.47 
UIMF 2153 3.61 0.78 0.51 6.30 
0 CIMF 130 3.61 1.26 1.40 9.05 0.34 0.27 
UIMF 367 3.42 0.56 1.32 5.18 
1 CIMF 150 3.95 1.19 1.39 7.26 0.51 0.49 
UIMF 616 3.72 0.60 1.26 5.86 
2 CIMF 103 3.92 1.11 1.65 7.58 0.60 0.56 
UIMF 560 3.42 0.94 0.51 6.27 
3 CIMF 145 3.87 1.28 1.23 7.54 0.57 0.52 
UIMF 610 3.77 0.84 0.28 6.30 
a CIMF = intramuscular fat percentage estimated from chemical analysis of a sample of the loin; UIMF = 
intramuscular fat percentage predicted using real-time ultrasound. 
hPCOR = Pearson product moment correlation between ultrasound and carcass intramuscular fat percentage. 
c RCOR = Spearman rank correlation between ultrasound and carcass intramuscular fat percentage. 
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Table 2. Additive, common litter, and residual variances and heritability estimates (± SE) for 
three different models used to estimate breeding values for intramuscular fat percentage in 
Duroc pigs 
Modelb 
1 2 3 
Variance'1 UIMF CIMF UIMF CIMF 
§2g 0.11 ±0.03 0.56 ± 0.19 0.13 ±0.04 0.80 ± 0.25 
§2, 0.04 ±0.01 0.15 ±0.08 0.03 ± 0.01 0.11 ±0.08 
52r 0.36 ±0.02 0.62 ±0.12 0.36 ± 0.02 0.50 ±0.14 
h2 0.22 ± 0.06 0.42 ±0.13 0.25 ± 0.06 0.57 ±0.15 
rg 0.82 ±0.14 
" S2g = Additive genetic variance; 52 = Common litter variance; 82, = Residual variance; h2 = Heritability; rg = 
genetic correlation between IMF predicted from real-time ultrasound and IMF from carcass sample. 
b Model 1 = A two-trait animal model which included ultrasound IMF from all pigs and carcass IMF from those 
pigs harvested, to estimate breeding values for both carcass (CI) and ultrasound IMF (Ul); Model 2 = A single-
trait animal model which included ultrasound IMF values on all pigs scanned to estimate breeding values for 
ultrasound IMF (U2); Model 3 = A multiple-trait model including carcass IMF from those pigs harvested and 
three principle components from principle components analysis of ten image parameters averaged across four 
longitudinal images to estimate breeding values for carcass IMF (C3). 
1 2 1  
Table 3. Spearman rank correlation coefficientsa between breeding values estimated from 
three different models b in Duroc pigs 
Model 1 Model 2 Model 3 
Ul CI U2 C3 
Ul 1 0.95 0.97 0.81 
CI 0.92 1 0.86 0.92 
U2 0.98 0.84 1 0.68 
C3 0.80 0.94 0.70 1 
" Coefficients for all pigs scanned above diagonal, coefficients for all sires with progeny records across four 
generations below diagonal. 
b Model 1 = A two-trait animal model which included ultrasound IMF from all pigs and carcass IMF from those 
pigs harvested, to estimate breeding values for both carcass (CI) and ultrasound IMF (Ul); Model 2 = A single-
trait animal model which included ultrasound IMF values on all pigs scanned to estimate breeding values for 
ultrasound IMF (U2); Model 3 = A multiple-trait model including carcass IMF from those pigs harvested and 
three principle components from principle components analysis of ten image parameters averaged across four 
longitudinal images to estimate breeding values for carcass IMF (C3). 
Table 4. Selection differentials, loss in selection differential, estimated response, and loss in estimated response for three 
different models a used to estimate breeding values for intramuscular fat percentage in Duroc pigs 
Observed CI Selection Differentialb Observed Loss (%) in CI Selection Differential 
Modeld Modeld 
Ï 2 3 Î 2 3 
Individual selectionc Cl Ul Û2 C3 Ul Û2 C3 
Boars, 10% 0.49 0.46 0.40 0.38 5.3 18.5 22.8 
Boars, 5% 0.54 0.47 0.47 0.47 14.1 14.1 12.8 
a Model 1 = A two-trait animal model which included ultrasound IMF from all pigs and carcass IMF from those pigs harvested, to estimate breeding values for both 
carcass (CI) and ultrasound IMF (Ul); Model 2 = A single-trait animal model which included ultrasound IMF values on all pigs scanned to estimate breeding values for 
ultrasound IMF (U2); Model 3 = A multiple-trait model including carcass IMF from those pigs harvested and three principle components from principle components 
analysis of ten image parameters averaged across four longitudinal images to estimate breeding values for carcass IMF (C3). 
b Mean EBV of selected individuals - mean of selection candidates. 
c Individuals selected based on their own estimated breeding value with no progeny information, from select line pigs in generation 3 ( n = 299). 
d Selection based on the EBV in a given column 
e Sires selected based on their own estimated breeding value after progeny are tested. 
f Sires selected based on the mean estimated breeding value of their progeny. 
8 Response = (selection differential for boars + selection differential for gilts) / 2, gilts selected using same model as boars. 
Table 4. (Continued) 
Observed Cl Selection Differential Observed Loss (%) in C1 Selection Differential 
Model Model 
1 2 3 1 2 3 
Boars, 1% Œ59 059 Ô59 043 ÔÔ OX) 2tT 
Gilts, 50% 0.26 0.25 0.23 0.20 4.3 11.2 22.6 
Sires ranked by own EBVe 
Boars, 10% 0.91 0.83 0.83 0.76 9.5 9.5 17.0 
Boars, 5% 1.07 1.05 1.05 1.02 1.7 1.7 4.3 
Sires ranked by progeny 
EBVf 
Boars, 10% 0.73 0.71 0.65 0.66 2.1 11.0 9.4 
Boars, 5% 0.88 0.83 0.83 0.88 6.2 6.7 0.0 
Table 4. (Continued) 
Boars, % Selected Estimated Response with 50% Gilts Selected Loss (%) in Estimated Response with 50% Gilts 
g Selected 
Model Model 
1 2 3 1 2 3 
10% 037 036 031 029 5X) ÏJ3 22J 
5% 0.40 0.36 0.35 0.34 10.9 13.1 16.0 
1% 0.42 0.42 0.41 0.32 1.3 3.4 25.8 
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Table 5. Intensity of selection (top 10% of boars and 50% of gilts), heritability, phenotypic 
and genetic standard deviations, estimated genetic gain, and correlated response for carcass 
and ultrasound IMF from Generation 3 data 
Traita i  h5 Op °g Trait Genetic gainb Correlated response in 
Mean other traitc 
CIMF 1.392 0.42 1.28 0.83 3.87 0.75 0.39 
UIMF 1.533 0.25 0.84 0.42 3.77 0.32 0.52 
" CIMF = intramuscular fat percentage estimated from chemical analysis of a sample of the loin; UIMF = 
intramuscular fat percentage predicted using real-time ultrasound. 
b Genetic gain calculated as intensity ( i  for boars + i  for gilts / 2) * the phenotypic standard deviation of the trait 
* heritability. 
c Correlated response calculated as (genetic correlation (0.82) * ratio of genetic standard deviations (correlated 
trait / selected trait) ) * genetic gain in selected trait. 
126 
CHAPTER 6. GENETIC AND PHENOTYPIC RELATIONSHIPS BETWEEN 
INDIVIDUAL SUBCUTANEOUS BACKFAT LAYERS AND LONGISSIMUS 
INTRAMUSCULAR FAT PERCENTAGE IN DUROC SWINE 
A paper to be submitted to the Journal of Animal Science 
Running title: Relationship between backfat layers and intramuscular fat percentage 
Genetic and phenotypic relationships between individual subcutaneous backfat layers 
and longissimus intramuscular fat percentage in Duroc swine1 
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Abstract: Data from randomly mated Duroc pigs (n = 589) were used to determine the 
genetic and phenotypic relationships between individual subcutaneous backfat layers and 
intramuscular fat percentage of the longissimus. Cross-sectional ultrasound images were 
collected at the 10th rib 5 d prior to harvest by a National Swine Improvement Federation 
(NSIF) certified ultrasound technician using an Aloka 500 SSD ultrasound machine fitted 
with a 12-cm linear array transducer. Off-midline backfat (SBF) and loin muscle area 
(SLMA) were measured. Individual subcutaneous backfat layers were measured at the same 
location: outer (DBF), middle (MBF), and inner (IBF). Off-midline backfat (CBF) and loin 
muscle area (CLMA) were measured on the carcass 24 h post-mortem. A slice from the 10th 
rib of the loin muscle was obtained for determination of intramuscular fat percentage (IMF). 
Adjusted days to 113.5 kg were calculated using NSIF adjustments. A mixed linear model 
with fixed effects of sex and contemporary group, off-test weight as a linear covariate, and 
sire and dam random effects was used to estimate least squares means by gender and off-test 
weight regression coefficients. Heritabilities and genetic correlations were calculated fitting 
all possible two-trait animal models in MATVEC. The heritabilities for OBF, MBF, IBF, 
and IMF were 0.63, 0.45, 0.53, and 0.69, respectively. The genetic correlations between 
OBF, MBF, and IBF, and IMF were 0.36, 0.16, and 0.28, respectively. Genetic correlations 
between OBF and MBF, OBF and IBF, and MBF and IBF were 0.43, 0.45, and 0.67, 
respectively. Results demonstrate that individual backfat layers are highly heritable and of 
similar magnitude as total backfat, and have similar genetic correlations with IMF. The outer 
or inner backfat layers could be implemented into a multiple-trait genetic evaluation, instead 
of total backfat, to improve IMF. 
Key Words: Backfat layers, Intramuscular fat percentage, Pigs 
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Introduction 
Fresh pork quality continues to be a major concern for producers, packers, processors, 
wholesale and retail suppliers, exporters, and consumers. Several indicators of meat quality 
(pH, tenderness, intramuscular fat percentage, lean color) have been investigated to 
determine overall consumer acceptance of fresh pork (NPPC, 1995). Measuring these 
indicator traits in the live animal is difficult, but real-time ultrasound technology has been 
used to estimate intramuscular fat percentage (IMF) for genetic improvement purposes 
(Newcom et al., 2002b; Ragland, 1998). 
Intramuscular fat percentage has long been thought to be related to total subcutaneous 
backfat depth and the two have been shown to be moderately correlated (Sellier, 1998). 
Selection for decreased backfat thickness has resulted in a decrease in IMF content 
(Sonesson et al., 1998), and ultimately, a decrease in palatability of fresh pork. Positive 
correlations between depth of innermost backfat layer depth and marbling scores in pigs have 
been previously reported (Moody and Zobrisky, 1966). Recent investigation into the three 
individual subcutaneous backfat layers has led to some speculation that the innermost layer 
develops last, around the same time that intramuscular fat is deposited (Eggert et al., 1998). 
If this relationship does indeed exist, it needs to be quantified in live animals in order begin 
selecting pigs for increased innermost fat layer. This can be done while attempting to 
improve meat quality while maintaining current backfat levels or further reducing total 
subcutaneous backfat depth. 
The first objective of this study was to determine the phenotypic and genetic 
relationships between the three individual subcutaneous backfat layers and intramuscular fat 
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percentage in swine. The second objective was to determine the relationships between 
individual subcutaneous backfat layers and other indicators of lean composition in pigs. 
Materials and Methods 
Barrows and gilts (n = 499 and 90, respectively) from randomly mated purebred 
Duroc pigs were utilized in this study. Distribution of records by sire, dam, litter, gender and 
contemporary group is shown in Table 1. Pigs were housed in one of three types of finishing 
facilities. The first was a curtain-sided finishing building with totally slotted floors, and pigs 
were allowed 0.74 m2 of floor space. The second was a curtain-sided building with partially 
slotted floors and pigs were allowed 0.76 m2 of floor space. The third was totally enclosed 
monoslope building with solid concrete floors and a flush gutter system in which pigs were 
allowed 0.74 m2 of floor space. Pigs were allowed ad libitum access to feed and water in all 
three buildings. All pigs were fed a traditional corn-soybean meal diet that met or exceeded 
NRC (1998) requirements. Pigs within a contemporary group were housed in the same 
facility. 
Pigs were weighed off-test weekly at a group average of approximately 115 kg. 
Adjusted days to 113.4 kg were calculated using recommendations in the Guidelines for 
Uniform Swine Improvement Programs (NSIF, 1997). Pigs were ultrasonically evaluated 5 d 
prior to harvest with an Aloka 500 SSD ultrasound machine fitted with a 12-cm linear array 
transducer (Corometrics Medical Systems, Inc., Wallingford, CT). One cross-sectional 
ultrasound image from the 10th to the 11th rib interface was collected. Total 10th rib off-
midline backfat and loin muscle area were measured using the cross-sectional image. 
Individual backfat layers at the 10th rib (outer, middle, and inner) were evaluated at the same 
location at which total backfat depth was measured. The sum of the three individual layers 
was calculated and a tolerance of ± 10% was permitted. If the sum was different from the 
total by more than 10%, total backfat and each individual layer were measured again. After 
harvest and 24 h chill, 10th rib off-midline backfat and loin muscle area, along with last rib 
mid-line backfat depth, were evaluated according to Pork Composition and Quality 
Assessment Procedures (NPPC, 2000). Ratios of the outer, middle and inner backfat layers 
to total backfat, and the ratios of middle to outer, inner to outer, and inner to middle were 
calculated as percentages. A 3.2 mm slice from the 10th rib loin face was used to determine 
intramuscular fat percentage by the method of Bligh and Dyer (1959). Descriptive statistics 
for traits measured are shown in Table 2. 
Phenotypic correlations were calculated using PROC CORR in SAS (SAS Inst. Inc, 
Cary, NC). A mixed linear model was fitted in PROC MIXED (SAS Inst. Inc, Cary, NC) to 
estimate least squares means by gender, differences of least squares means between genders, 
and regression coefficients for off-test weight. The model included fixed effects for gender 
and contemporary group, random effects for sire and dam, and off-test weight as a linear 
covariate. 
Genetic parameters were calculated fitting all possible two-trait animal models in 
MATVEC (Wang et al., 2003) in order to obtain heritability and genetic correlation estimates 
utilizing the full relationship matrix. Standard errors of the genetic parameters were 
estimated using the Delta Method of Lynch and Walsh (1998). The analysis model included 
fixed effects for gender and contemporary group and a random effect for animal (genetic). 
Off-test weight was included in the model as a linear covariate. Additive genetic and 
residual variances, heritabilities, and standard errors for each trait were averaged across 
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Results and Discussion 
Gender differences 
Least squares means by gender for growth and carcass traits and intramuscular fat 
percentage are shown in Table 3. Barrows grew faster (P < 0.001), had more 10th rib carcass 
and ultrasound backfat (P < 0.001) and last rib (P <0.01) carcass backfat, and less loin 
muscle area measured on the carcass and with ultrasound (P < 0.001) when compared to 
gilts. These results are in agreement with previous researchers (Moeller et al., 1998; 
Newcom et al., 2002a; NPPC, 1995). Barrows also had more backfat depth in each 
individual layer (P < 0.001) than gilts. This does not agree with the findings of Lonergan et 
al. (1992) who reported barrows were fatter than gilts at the 10th rib, but the difference was 
entirely due to the middle fat layer. They found no differences in outer or inner layer fat 
thickness between barrows and gilts. These contradictory results may be explained by the 
different genetic lines (commercial pigs) used in the studies and/or a difference in mean 
backfat level between the studies. Barrows had higher percentage of longissimus 
intramuscular fat (P < 0.001) when compared to gilts, which closely follows previous reports 
(Goodwin, 1994; Hamilton et al., 2000; Newcom et al., 2004). Barrows had higher 
percentages of middle layer/total backfat (P < 0.001), inner layer/total backfat (P < 0.05), 
middle layer/outer layer (P < 0.001), and inner layer/outer layer (P <0.01) when compared to 
gilts. Gilts had a higher percentage of outer layer/total backfat (P < 0.001) when compared to 
barrows. 
Regression coefficients 
Coefficients for the regression of off-test weight on carcass traits and intramuscular 
fat percentage from the PROC MIXED analysis are shown in Table 3. The regression 
coefficients for carcass and ultrasonic 10th rib backfat were 0.236 and 0.201, respectively, 
similar to the findings of Lo et al. (1992) and Newcom et al. (2002a) calculated from carcass 
measures. These values are slightly lower than those reported by Moeller et al. (1998) from 
ultrasound measures. The regression coefficients for carcass and ultrasonic loin muscle area 
were 0.180 and 0.216, respectively, similar to the findings of Newcom et al. (2002), but 
higher than reported by Lo et al. (1992) and lower than reported by Moeller et al. (1998). 
Moeller (1990) found similar regression coefficients for 10th rib backfat and slightly larger 
regression coefficients for loin muscle area using serial measures and intra-pig linear 
regression. The linear regression coefficient for last rib mid-line backfat depth was 0.176, 
similar to the value of 0.179 reported by Moeller (1990), but slightly lower than the value of 
0.217 reported by Moeller et al. (1998). The differences in regression coefficients could be 
due to differences in mean off-test weight between studies or the methods utilized to 
calculate regression coefficients. The current study utilized pigs with a mean off-test weight 
approximately 5 to 10 kg heavier than Lo et al. (1992), Moeller (1990), and Moeller et al. 
(1998), and calculated regression coefficients were based on a single measurement with off-
test weight as a covariate, unlike the intra-pig linear regression from serial ultrasonic scan 
measurements utilized by Moeller (1990) and Moeller et al. (1998). 
For individual backfat layers, coefficients for the regression of off-test weight on the 
outer, middle, and inner layers were 0.059, 0.079, and 0.065, respectively. These values are 
higher than those reported by Eggert (1998), but that study found significant quadratic and 
cubic regression coefficients, which were not found in the present study. The regression 
coefficients for the ratios of individual layers to total backfat were -0.201, 0.108, and 0.131 
for outer layer/total backfat, middle layer/total backfat, and inner layer/backfat, respectively. 
This indicates that as weight increases in a linear fashion, the percentage of the total backfat 
made up by the outer layer decreases, showing that at the mean off-test weight of the present 
study, the rate of growth of the outer layer of backfat decreases as weight increases. It also 
shows the growth of the middle and inner layers is increasing at an increasing rate. The 
regression coefficients for the ratios of middle layer/outer layer and inner layer/outer layer 
were 0.421 and 0.395, respectively, indicating the depth of the middle and inner backfat 
layers are increasing at a faster rate than the outer layer. Moody and Zobriski (1966), Fortin 
(1986), and Mers m an n and Leymaster (1984) reported similar results, with the middle 
backfat layer growing at a rate faster than the outer layer. The regression coefficient for the 
ratio of inner layer/middle layer was not different (P < 0.05) from zero, indicating the middle 
and inner backfat layers are growing at approximately the same rate with respect to each 
other. This is in disagreement with Fortin (1986), who reported the middle layer was 
deposited at a faster rate than the inner layer. 
The coefficient for the regression of off-test weight on IMF was 0.014% / kg. This 
increase in IMF with increased live weight is consistent with previous researchers (Allen et 
al., 1967; Lawrie et al., 1963; Schuler et al., 1970). Lo et al. (1992) reported a regression 
coefficient of 0.007 utilizing Duroc and Landrace pigs, which is slightly lower than in the 
present study, but this could be due to the fact that the pigs utilized by Lo et al. (1992) were 
harvested at a lower mean weight. Candek-Potokar et al. (1998) reported IMF increased 29% 
in pigs fed ad libitum from 100 to 130 kg body weight. Cisneros et al. (1996) reported IMF 
increased 0.027% per kg increase in body weight, from 100 to 160 kg. This regression 
coefficient is higher than the value in the current study, and may be the result of their weight 
range being slightly different than the range of weights in this study (Table 2). 
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Several researchers have reported little or no effect of harvest weight on IMF (Berry 
et al., 1970; Martin et al., 1980; Martin et al., 1981). Beattie et al. (1999) found a regression 
coefficient for IMF of 0.004, which was not different from zero, when evaluating pigs with a 
lower mean IMF (< 1.0%) than in the present study during a growing period from 70 to 100 
kg. Garcia-Macias et al. (1996) and Latorre et al. (2004) found IMF was not affected by 
harvest weight when evaluating pigs from 90 to 120 kg and from 116 to 133 kg, respectively. 
This is different than the results from the current study and could be due to the low mean 
intramuscular fat percentage in these previous studies. Mayoral et al. (1999) reported that fat 
content within the longissimus muscle increased with increased weight, however, IMF as a 
percentage of muscle weight remained constant. This is different from the current study 
where percentage of intramuscular fat increases as live weight increases, and this increase in 
live weight should lead to an increase in the weight of the longissimus muscle. 
Heritability and genetic and phenotypic correlations 
Heritability estimates and genetic and phenotypic correlations for the three individual 
subcutaneous backfat layers, 10th rib backfat measured on the carcass and ultrasonically, last 
rib backfat, and intramuscular fat percentage are shown in Table 4. Heritability estimates for 
the outer, middle, and inner layers of backfat were 0.63, 0.45, and 0.53, respectively. No 
previously published heritability estimates were found for individual backfat layers, but the 
values are within the range of values reported for total carcass backfat (Clutter and 
Brascamp, 1998). Genetic correlations between the outer and middle, outer and inner, and 
middle and inner layers were 0.43, 0.45, and 0.67, respectively. Corresponding phenotypic 
correlation coefficients were slightly higher for all three trait combinations (Table 4). In 
Du roc-si red pigs, Eggert (1998) reported phenotypic correlations between the outer and 
middle, outer and inner, and middle and inner layers that were 0.43, 0.58, and 0.81, 
respectively. The value for the correlation between the outer and middle backfat layers is 
lower than in the present study (Table 4), but the other two values are higher than in the 
current study (Table 4). Eggert (1998) also found the correlation between the outer and 
middle layer to be significantly different from zero at the P < 0.10 level, which contrasts to 
the very highly significant level (P < 0.001) found in the present study. This could be due to 
differences in project design, genetic background of the population studied, and average 
carcass composition of the population under investigation. 
The heritability for longissimus IMF found in this study was 0.69 (Table 4). This is 
higher than the average of 0.50 published by Sellier (1998), but within the range of 19 
estimates (0.26 to 0.86) from that review. The genetic correlations between the outer, 
middle, and inner backfat layers and IMF were 0.36, 0.16, and 0.28, respectively (Table 4). 
These estimates are low but in the expected direction, as fatter pigs tend to have greater 
amounts of IMF (Huff-Lonergan et al., 2002; Knapp et al., 1997; Warriss et al., 1990). 
Corresponding phenotypic correlations were 0.26, 0.30, and 0.34, respectively. Eggert 
(1998) reported phenotypic correlations between the outer, middle, and inner backfat layers 
and IMF for Duroc-sired pigs to be higher than in the current study (0.66, 0.76, and 0.71, 
respectively). This difference could be due to differences in project design: purebred versus 
crossbred pigs, measuring individual layers with ultrasound versus measurement on the 
carcass, differences in number of observations (589 versus 16), or differences in individual 
fat layer depths and IMF (mean differences between Eggert (1998) and the present study 
were -1.28 mm, 6.37 mm, 2.74 mm, and -0.48% for outer, middle, inner, and IMF, 
respectively). 
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The genetic correlations between backfat at the 10th rib measured on the carcass and 
with ultrasound and at the last rib on the carcass with IMF were 0.25, 0.27, and 0.42, 
respectively (Table 4). These values are similar to reports from previous researchers (Sellier, 
1998), and similar to the genetic correlations between individual backfat layers and IMF. 
Phenotypic correlations between the three measures of total backfat and IMF were 0.30, 0.32, 
and 0.13, respectively. The values for the 10th rib estimates are similar to the genetic 
correlations, but lower for the last rib measurement. Eggert (1998) reported a phenotypic 
correlation of 0.83 between backfat at the 10th rib and IMF, substantially higher than in the 
present study. Huff-Lonergan et al. (2002) reported the correlation to be 0.45 from a 
Berkshire X Yorkshire F2 population. Cameron (1990) reported genetic and phenotypic 
correlations between backfat measured at the P2 site (mid-line, last rib) and IMF were 0.05 
and 0.22, different than what was found in the present study. These differences could again 
be due to differences in the populations studied, measurement methods, and mean values of 
traits of interest. These results support previous literature reports that fatter pigs tend to have 
more IMF. 
Genetic correlations between the outer, middle, and inner layers of backfat and 10th 
rib backfat measured on the carcass were 0.71, 0.85, 0.84, and were similar to the values for 
ultrasonically measured 10th rib backfat, as well as the corresponding phenotypic correlations 
(Table 4). Correlations between the three individual backfat layers and last rib backfat were 
lower than those reported for 10th rib backfat. Eggert (1998) reported phenotypic 
correlations between 10th rib carcass backfat and the outer, middle, and inner backfat layers 
of 0.67, 0.95, and 0.92, respectively. The value for the correlation between total backfat and 
the outer layer is similar to the current study, but the correlations between total backfat and 
the middle and inner layers are higher than the present study. 
Heritability estimates for 10th rib backfat measured on the carcass and ultrasonically 
and at the last rib on the carcass were 0.48, 0.44, and 0.17, respectively (Table 4). The 
estimates for 10th rib backfat measured on the carcass are similar to previously reported 
averages (Clutter and Brascamp, 1998; Stewart and Schinckel, 1989). Newcom et al. (2002) 
reported the heritability of 10th rib carcass backfat was 0.40. The values from the present 
study are lower than those reported by Berger et al. (1994) and Moeller (1994), who found 
estimates greater than 0.70. Moeller (1994) reported the heritability for 10th rib backfat 
measured ultrasonically and for last rib measured on the carcass to be 0.87 and 0.55, 
substantially higher than in the current study. The genetic correlation between 10th rib 
carcass and ultrasound backfat was 0.98 and was similar to the value (0.99) reported by 
Moeller (1994). The genetic correlations between 10th rib backfat measured on the carcass 
and with ultrasound and last rib backfat on the carcass were 0.73 and 0.80, respectively. 
These values are similar to those reported by Moeller (1994). 
Heritability estimates and genetic and phenotypic correlations between ratios of the 
three individual subcutaneous backfat layers and intramuscular fat percentage are shown in 
Table 5. Heritability estimates of the ratios of outer, middle and inner backfat layers to total 
backfat and of the middle to outer layer and inner to outer layer were of similar magnitude as 
total backfat, but lower than for the outer and inner layers alone. The heritability estimate for 
the ratio of inner to middle layer was slightly lower (0.36) than for the other ratios. The 
genetic correlations between the ratios of individual layers to total backfat and other layers 
and IMF were low and close to zero, with the exception of the ratio of the inner layer to total 
backfat. This could indicate that the proportion of the total backfat made up by the inner 
layer might have a positive impact on IMF. Phenotypic correlations between the ratios of 
layers and IMF were different (P < 0.001) from zero, except for the ratio of inner to middle 
layer. Eggert (1998) reported the phenotypic correlations between the ratios of individual 
layers to total backfat and other layers and IMF were not significantly different from zero, 
which is in contrast to the findings of the present study. That study does support the findings 
of the current study with respect to the negative correlation between the ratio of outer layer to 
total backfat and IMF. This indicates that as the proportion of the total backfat made up by 
the outer layer increases, longissimus IMF tends to decrease. 
Heritability estimates and genetic and phenotypic correlations for intramuscular fat 
percentage, 10th rib loin muscle area measured on the carcass and ultrasonically, and adjusted 
days to 113.5 kg with individual backfat layers are shown in Table 6. Genetic correlations 
between IMF and 10th rib loin muscle area measured on the carcass and ultrasonically and 
days to 113.5 kg were -0.33, -0.15, and -0.05, respectively. Corresponding phenotypic 
correlations were similar to the genetic correlations. Eggert (1998) reported a phenotypic 
correlation between loin muscle area and IMF of -0.56, greater than the values in the current 
study. Huff-Lonergan et al. (2002) reported a phenotypic correlation between loin muscle 
area and IMF of -0.27, similar to the findings from the present study. Loin muscle area is an 
indicator of carcass lean weight or lean percentage in a pig carcass, so the correlations 
between IMF and lean weight or lean percentage may be of similar magnitude as between 
IMF and loin muscle area. Sellier (1998) reported a mean genetic correlation between IMF 
and carcass leanness of -0.34 with a range of -0.55 to -0.07. Cameron ( 1990) found the 
genetic and phenotypic correlations between lean weight and IMF were -0.41 and -0.25, 
respectively. This indicates the relationship between IMF and lean weight or lean percentage 
is in the same, negative direction, but of slightly different magnitude when compared to the 
relationship between IMF and loin muscle area. 
Heritabilities for 10th rib loin muscle area measured on the carcass and ultrasonically 
and adjusted days to 113.5 kg were 0.70, 0.73, and 0.69, respectively. Moeller (1994) 
reported heritability estimates of 0.79, 0.71, and 0.91 for carcass loin muscle area, ultrasound 
loin muscle area, and days to 105 kg, respectively. The values for loin muscle area are 
similar to the present study, but the estimate for growth was higher. That study estimated the 
heritability for average daily gain as 0.66, closer to the heritability estimate for days to 113.5 
kg in the present study. Clutter and Brascamp (1998) reported a mean heritability of 0.31 for 
average daily gain with a range of 0.03 to 0.49. These differences indicate that measurement 
methodology (average daily gain or days to a common weight) in the evaluation of a trait 
(growth) can impact heritability estimates. 
The genetic correlation between carcass and scan loin muscle area was 0.99, higher 
than the estimate reported by Moeller (1994). This difference could be due to a higher mean 
loin muscle area or heavier off-test weight in the current study, or the fact that the same 
technician measured loin muscle area on almost all the carcasses in this study. Genetic 
correlations between loin muscle area and days to 113.5 kg were low (-0.29 and -0.22, 
respectively, for carcass and ultrasound measures), and the phenotypic correlations were low 
as well (-0.10 and -0.27, respectively, for carcass and ultrasound measures). These values 
are similar to the findings of Moeller (1994). Results show growth and loin muscle area are 
lowly correlated, so selection for either trait is possible without a severe detrimental effect on 
the other. 
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Heritability estimates and genetic and phenotypic correlations for the three individual 
subcutaneous backfat layers, 10th rib loin muscle area measured on the carcass and 
ultrasonically, and adjusted days to 113.5 kg are shown in Table 6. The genetic correlations 
between the outer, middle, and inner layers and loin muscle area measured on the carcass are 
-0.46, -0.24, and -0.33, respectively. Corresponding correlations with loin muscle area 
measured ultrasonically are -0.43, -0.05, and -0.13, respectively. Similar values, whether 
measured ultrasonically or on the carcass, suggest that layers are related in a similar manner 
to both measures of loin muscle area. Additionally, the relationships between individual 
backfat layers and loin muscle area are similar to the relationship between total backfat depth 
and loin muscle area. Genetic correlations between the outer, middle, and inner layers and 
days to 113.5 kg are -0.37, -0.32, and -0.24. These relationships are similar to the 
relationship between total 10th rib backfat measured with ultrasound and days to 113.5 kg, 
but of greater magnitude than the relationship between total 10th rib backfat measured on the 
carcass and days to 113.5 kg (data not shown). Phenotypic correlations between individual 
backfat layer depths and loin muscle area are of slightly lower magnitude than the genetic 
correlations. The phenotypic correlations between individual backfat layer depths and days 
to 113.5 kg are of similar magnitude as the genetic correlations. 
Results show the relationships between individual backfat layers and IMF is similar 
to the relationship between total backfat depth and IMF. In addition, results also indicate the 
relationships between individual backfat layers and measures of carcass muscle composition 
are similar to the relationships between total backfat depth and the indicators of carcass lean 
composition. 
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Implications 
From the results of this study, estimates of individual backfat layers could be included 
in a multiple-trait analysis, rather than total backfat, when attempting to improve longissimus 
intramuscular fat percentage. Due to the heritability of the innermost backfat layer and its 
genetic relationships with the outer layer and IMF, emphasis could be placed on the 
innermost layer of backfat and IMF simultaneously to make genetic improvement in total 
backfat thickness and IMF. However, in a commercial setting, producers and technicians 
would most likely not spend the time to measure an individual backfat layer. More research 
is needed to investigate the impact of including total backfat, or an individual backfat layer, 
on the genetic improvement of IMF. 
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Table 1. Distribution of records by sire, dam, litter, contemporary group, and gender 
Duroc pigs 
Progeny 
Item N Mean Min Max 
Sires 
Dams 
Litters 
80 
257 
271 
Contemporary 25 
Groups 
Gender 
Barrows 499 
Gilts 90 
7.4 
2.3 
2.2 
23.6 
1 
1 
1 
4 
26 
7 
7 
56 
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Table 2. Descriptive statistics for growth, carcass, and meat quality traits in Duroc pigs 
Traita N Mean SD Min. Max. 
OWT, kg 589 115.83 8.65 96.60 145.12 
DAYS 589 175.29 11.23 145.60 206.30 
CBF, mm 589 21.17 5.25 8.89 41.91 
CLMA, cm2 589 41.49 4.72 30.32 57.41 
LRBF, mm 586 23.36 4.98 10.16 50.80 
SBF, mm 587 21.29 4.57 9.65 37.08 
SLMA, cm2 587 41.55 4.83 28.06 55.73 
OBF, mm 584 10.68 1.54 6.35 15.49 
" OWT = off-test weight; DAYS = adjusted days to 113.5 kg; CBF and CLMA = 10th rib backfat and loin 
muscle area, respectively, measured on the ribbed carcass; LRBF - last rib mid-line backfat depth measured on 
the carcass; SBF and SLMA = 10th rib backfat and loin muscle area, respectively, measured with real-time 
ultrasound; OBF, MBF, and IB F = individual backfat layers measured with real-time ultrasound (outer, middle, 
and inner, respectively); IMF = intramuscular fat percentage of the longissimus determined by chloroform 
methanol extraction; OT, MT, and IT = (individual layer (outer, middle, inner, respectively) / total backfat 
(carcass)) * 100; MO, 10 , and IM = (individual layer (middle and inner, respectively) / individual layer (outer 
and middle, respectively)) * 100. 
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Table 2. (Continued) 
Traita N Mean SD Min. Max. 
MBF, mm 584 61)3 220 076 14.22 
IBF, mm 584 4.16 1.66 0.76 10.67 
IMF, % 585 3.53 1.15 1.23 9.05 
OT 584 51.21 6.71 33.06 75.00 
MT 584 27.57 5.48 7.89 42.53 
IT 584 19.06 4.92 5.63 34.71 
MO 584 55.71 16.63 11.54 110.81 
IO 584 38.63 13.62 8.33 105.00 
IM 584 71.68 23.08 22.22 190.00 
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Table 3. Least squares means (± SE) by gender and coefficients for regression of off-test 
weight on growth, carcass, and meat quality traits in Duroc pigs 
Traita Barrows SE Gilts SE Sig. Regression SE Sig. 
DAYS 173.91 0.70 178.88 1.08 *** NA NA NA 
CBF, mm 21.94 0.31 18.15 0.51 *** 0.236 0.023 *** 
CLMA, cm2 40.91 0.31 44.49 0.49 *** 0.180 0.022 *** 
LRBF, mm 23.74 0.25 22.33 0.45 ** 0.176 0.021 *** 
SBF, mm 21.77 0.26 18.84 0.44 *** 0.201 0.020 *** 
SLMA, cm2 41.18 0.31 . 43.34 0.47 *** 0.216 0.020 *** 
OBF, mm 10.89 0.09 9.98 0.15 *** 0.059 0.007 *** 
11 DAYS = adjusted days to 113.5 kg; CBF and CLMA - 10' rib backfat and loin muscle area, respectively, 
measured on the ribbed carcass; LRBF = last rib mid-line backfat depth; SBF and SLMA = 10th rib backfat and 
loin muscle area, respectively, measured with real-time ultrasound; OBF, MBF, and IBF = individual backfat 
layers measured with real-time ultrasound (outer, middle, and inner, respectively); IMF = intramuscular fat 
percentage of the longissimus determined by chloroform methanol extraction; OT, MT, and IT = (individual 
layer (outer, middle, inner, respectively) / total backfat (carcass)) * 100; MO, IO , and IM = (individual layer 
(middle and inner, respectively) / individual layer (outer and middle, respectively)) * 100. 
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Table 3. (Continued) 
Traita Barrows SE Gilts SE Sig. Regression SE Sig. 
MBF, mm 6.21 0.13 4.86 0.22 *** 0.079 0.010 *** 
IBF, mm 4.31 0.11 3.52 0.17 *** 0.065 0.008 *** 
IMF, % 3.62 0.08 3.01 0.12 *** 0.014 0.006 ** 
OT 51.12 0.43 54.19 0.68 *** -0.201 0.031 *** 
MT 27.81 0.35 25.03 0.58 *** 0.108 0.027 *** 
IT 19.39 0.34 18.09 0.54 * 0.131 0.024 *** 
MO 56.48 1.06 47.73 1.72 *** 0.421 0.078 *** 
10 39.35 0.91 34.65 1.46 ** 0.395 0.065 *** 
IM 72.62 1.52 76.40 2.67 NS 0.175 0.124 NS 
Table 4. Heritability estimates (±SE) and genetic and phenotypic (±SE) correlations for the three individual subcutaneous 
backfat layers, 10th rib backfat measured on the carcass and ultrasonically, last rib backfat, and intramuscular fat percentage in 
Duroc pigs a 
Traitb OBF MBF IBF CBF SBF LRBF IMF 
OBF 0.63 ±0.12 0.43 ±0.15 0.45 ±0.15 0.71 ±0.10 0.74 ± 0.09 0.64 ± 0.20 0.36 ± 0.17 
MBF 0.63*" 0.45 ±0.11 0.67 ±0.12 0.85 ±0.06 0.88 ±0.05 0.74 ±0.17 0.16 ± 0.18 
IBF 0.50*" 0.69*** 0.53 ± 0.11 0.84 ±0.08 0.88 ±0.06 0.57 ±0.23 0.28 ±0.16 
CBF 0.68*" 0.78*** 0.70*** 0.48 ±0.12 0.98 ± 0.03 0.73 ±0.19 0.25 ±0.17 
SBF 0.79*" 0.91*** 0.82*** 0.85*** 0.44 ±0.11 0.80 ±0.17 0.27 ±0.18 
LRBF 0.43*** 0.44*** 0.38*** 0.55*** 0.51*** 0.17 ±0.08 0.42 ± 0.25 
IMF 0.26*** 0.30*** 0.34*** 0.30*** 0.32*** 0.13** 0.69 ±0.12 
a Heritabilities on diagonal, genetic correlations above diagonal, phenotypic correlations below diagonal. 
b OBF, MBF, and IBF = individual backfat layers measured with real-time ultrasound (outer, middle, and inner, respectively); CBF = 10th rib backfat measured on the split 
carcass; SBF = 10th rib backfat measured with real-time ultrasound; LRBF = last rib mid-line backfat depth; IMF = intramuscular fat percentage of the longissimus 
determined by chloroform methanol extraction. 
* Correlation is different from zero (P < 0.05). 
** Correlation is different from zero (P < 0.01). 
*** Correlation is different from zero (P < 0.001). 
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Table 5. Heritability estimates (±SE) and genetic and phenotypic (±SE) correlations between 
ratios of three individual subcutaneous backfat layers and intramuscular fat percentage in 
Duroc pigs 
Traita IMF 
hz rP rg 
OT 0.48 ±0.12 -0.23"* -0.01 ±0.19 
MT 0.44 ±0.11 0.22"' 0.03 ±0.19 
IT 0.45 ±0.11 0.26"' 0.24 ±0.18 
MO 0.48 ±0.11 0.25"' 0.00 ±0.19 
IO 0.47 ±0.11 0.27"' 0.17 ±0.18 
IM 0.36 ±0.11 0.05 0.19 ±0.21 
" IMF - intramuscular fat percentage of the longissimus determined by chloroform methanol extraction; OT, 
MT, and IT = (individual layer (outer, middle, inner, respectively) / total backfat (carcass)) * 100; MO, IO , and 
IM =( individual layer (middle and inner, respectively) / individual layer (outer and middle, respectively)) * 
100. 
""" Correlation is different from zero (P < 0.001). 
Table 6. Heritability estimates (±SE) and genetic and phenotypic (±SE) correlations for the three individual subcutaneous 
backfat layers, 10th rib loin muscle area measured on the carcass and ultrasonically, adjusted days to 113.5 kg, and 
intramuscular fat percentage in Duroc pigs a 
Traitb OBF MBF IBF CLMA SLMA DAYS IMF 
OBF 0.63 ±0.12 0.43 ±0.15 0.45 ±0.15 -0.46 ±0.15 -0.43 ±0.15 -0.37 ±0.16 0.36 ±0.17 
MBF 0.63'" 0.45 ±0.11 0.67 ±0.12 -0.24 ±0.18 -0.05 ±0.19 -0.32 ±0.18 0.16 ± 0.18 
IBF 0.50"* 0.69*" 0.53 ±0.11 -0.33 ±0.16 -0.13 ±0.17 -0.24 ±0.17 0.28 ±0.16 
CLMA -0.22*" -0.23*** -0.18*** 0.70 ±0.12 0.99 ± 0.03 -0.29 ±0.16 -0.33 ±0.15 
SLMA 0.07 -0.07 -0.03 0.66*** 0.73 ±0.12 -0.22 ±0.16 -0.15 ±0.16 
DAYS -0.46*** -0.37*** -0.37*** 
o
 
o
 -0.27*** 0.69 ±0.12 -0.05 ±0.17 
IMF 0.26*" 0.30*'* 0.34**' -0.22*** -0.13** -0.09* 0.69 ±0.12 
a Heritabilities on diagonal, genetic correlations above diagonal, phenotypic correlations below diagonal 
b OBF, MBF, and IBF = individual backfat layers measured with real-time ultrasound (outer, middle, and inner, respectively); CLMA = 10th rib loin 
muscle area measured on the split carcass; SLMA = 10th rib loin muscle area measured with real-time ultrasound; DAYS = adjusted days to 113.5 kg; 
IMF = intramuscular fat percentage of the longissimus determined by chloroform methanol extraction. 
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CHAPTER 7. CONCLUSIONS 
The overall objective of any breeding program should be consumer satisfaction with 
the pork they purchase. Therefore, meat quality traits should included in any genetic 
improvement program. For pork producers to remain profitable in an ever growing and 
competitive market, they must differentiate their products for the consumer and their 
preferences should be taken into consideration when designing any breeding objective. The 
tools needed to produce genetic change in meat quality are discussed in this thesis. 
The goals of this thesis were: 1.) prediction of intramuscular fat percentage in live 
pigs using real-time ultrasound; 2.) provide genetic parameter estimates for this trait and its 
relationship with other meat quality traits; 3.) show how this information can be utilized to 
select individuals for improved IMF; and 4.) investigate the relationship between backfat and 
its individual layers and IMF in pigs. 
These goals were accomplished but left some unanswered questions. Results in this 
thesis demonstrate that it is feasible to measure IMF in live pigs with real-time ultrasound to 
identify and select superior individuals for the trait. Selection based on IMF estimated on the 
live animal using real-time ultrasound should produce similar desirable genetic change in 
correlated meat quality traits when compared to selection based on carcass IMF values. 
Also, no individual backfat layer was more highly correlated with IMF than total backfat 
depth. One of the first priorities following the results provided here is to release the use of 
this technology to the swine industry. In the immediate future, ultrasound technicians 
interested in the use of real-time ultrasound to predict IMF need to be trained to collect 
acceptable, high quality images. Images could be collected and sent to the Iowa Pork 
Industry Center for interpretation by graduate student technicians. During this time, the 
software and prediction model could be developed into a "deliverable" for use by breeding 
stock companies and individual breeding stock suppliers or by certified ultrasound 
technicians for use in their customers' herds. After the software is made available for private 
use, training programs should be conducted to train technicians (or industry personnel) to use 
the program to estimate IMF in their breeding stock. Releasing this technology to the 
industry may allow for more collaborative work to improve the technology or aid in the 
determination of the most optimal method of implementation. 
As with all new technologies, further refinement of image collection and analysis 
procedures must be reviewed periodically. Investigation into the use of other ultrasonic 
systems (Pie Medical Scanner 200, Sonovet, Aloka 900, etc.) should be evaluated. Further 
research with breeds or genetic types not discussed in this thesis should be completed to 
ensure the predictive ability of this technology is not dependent upon breed composition. 
Ultrasonic evaluation of hanging carcasses should be evaluated, but with the fast line speeds 
present in today's packing industry, this procedure may not be feasible. 
When implementing this new technology into a breeding program, much research is 
needed to find an optimal technique for doing so. In the selection project being conducted at 
the Bilsland Memorial Swine Farm at Madrid, further exploration of the possible impact 
selection for improved IMF has on correlated traits is needed. The select line could be split 
into several different groups for continuation of the project to investigate different selection 
methods for improving IMF. One line should continue to be selected as it has been for the 
previous three generations with the two-trait animal model including all possible ultrasound 
and carcass IMF records. 
A second line could be selected based solely on ultrasound IMF records, either with a 
single-trait animal model or selection index with the appropriate index weights to determine 
if carcass data on harvested sibs is necessary for genetic improvement. This line could also 
keep all boars intact to determine if the genetic response by increased selection intensity is 
greater than the improvement seen due to the addition of sib carcass data. Also, meat and 
eating quality profiles for harvested pigs from each line should be conducted periodically to 
determine the impact improved IMF has on the ultimate goal of the project, improved 
consumer satisfaction. 
Data for growth and carcass traits could be used to implement a selection index that 
includes days to 113.5 kg, 10th rib backfat depth, loin muscle area, and IMF. The response in 
this line would help to determine the effect adding correlated traits in the selection decision 
has on the response in IMF, the trait of primary interest. Existing molecular marker 
information could also be added to the index or incorporated into a different select line to 
determine the "real" impact of including genomic information on the response to selection 
for a trait which, up until this research, has been limited to measurement on harvested sibs. 
Information from the response to selection in these proposed lines would answer 
many of the questions remaining at the conclusion of the research in this thesis. 
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APPENDIX. REVISION OF THE MODEL TO PREDICT INTRAMUSCULAR FAT 
PERCENTAGE IN DUROC SWINE USING REAL-TIME ULTRASOUND 
Introduction 
With the addition of a large number of longitudinal ultrasound images collected from 
pigs with chemical intramuscular fat percentage since Newcom et al. (2002a) was published, 
the model reported in that publication was revised. The model in Newcom et al. (2002a) 
predicted intramuscular fat percentage using 10th rib off-midline backfat and five of ten 
image parameters determined by texture analysis software. The goal of this revision was to 
utilize ultrasound images collected from generations 2 and 3 of the intramuscular fat 
percentage selection project (Chapter 5) and develop a prediction model with the same or 
improved accuracy as the equation from Newcom et al. (2002a) without including backfat as 
a predictor variable. 
Model Development 
Pigs (n = 247) from generations two and three of the intramuscular fat selection 
project (Chapter 5) were utilized to develop a new model to predict intramuscular fat 
percentage of the loin in live Duroc pigs. Pigs were weighed off-test and scanned 5 d prior to 
harvest with an Aloka 500V SSD ultrasound machine fitted with a 3.5 MHz, 12.5-cm linear-
array transducer (Corometrics Medical Systems, Inc., Wallingford, CT). Gain settings for 
the Aloka ultrasound machine were: Overall, 90; Near, -25; Far, 2.1. Focal lengths were set 
at 1 and 2. Off-midline backfat and loin muscle area were measured from a cross-sectional 
image taken at the 10th rib. A sound transmitting guide (Superflab, Mick Radio Nuclear 
Instruments, Inc., Bronx, NY) conforming to the pig's back was attached to the ultrasound 
probe and vegetable oil was used as conducting material between the probe and skin. 
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A minimum of four longitudinal images were collected seven cm off-midline across 
the 10th - 13th ribs on each pig, digitized, and saved to a computer for later interpretation. 
The probe was used without a guide, and vegetable oil was again used as a couplant. A 
trained technician used texture analysis software (Amin et al., 1997) to define Fourier, 
gradient, histogram, and co-occurrence parameters (Hassen et al., 2001) within a defined 
region of interest for each ultrasound image. The region of interest was a 100- X 100- pixel 
region placed as close to the 10th-11th rib interface as possible. The technician made a visual 
assessment of each image for acceptability. After harvest, a slice of the longissimus muscle 
from the 10th-11th rib interface was analyzed for carcass IMF percentage by the method 
outlined in Bligh and Dyer (1959). 
Image parameters from the longitudinal images were averaged by animal as 
recommended by Hassen et al. (1999), and were included as independent variables in the 
IMF percentage prediction model development. The REG procedure of SAS (SAS Inst., Inc., 
Cary, NC) was used to perform a linear regression with carcass IMF percentage as the 
dependent variable. Independent variables (image parameters) with the highest P-value were 
removed individually until all variables remaining were significant (P < 0.05). The final 
prediction model included eight of the ten image parameters. 
Model Validation 
Purebred Duroc and Yorkshire barrows and gilts (n = 619) from two replications of 
the National Pork Board's Genetics of Lean Efficiency (GLE) Project were weighed off-test 
and scanned five days prior to harvest. Cross-sectional and longitudinal images were 
collected in the same manner as in the developmental data. Model validation procedures 
were completed using three data sets: Validation 1 (use of all data), Validation 2 (use of 
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Duroc data only), and Validation 3 (use of Yorkshire data only). A second data set was also 
utilized for model validation. Purebred Duroc pigs (n = 277) from a time-period study at the 
Bilsland Memorial Swine Breeding Farm at Iowa State University were ultrasonically 
evaluated and harvested according to the protocol described previously. The validation 
procedure was performed using three data sets: Validation 4 (all data), Validation 5 
(replication 1 only), and Validation 6 (replication 2 only). Pigs from this study were also 
utilized to validate the model reported by Newcom et al. (2002a) (Validations 7, 8, and 9). 
Models were analyzed for predictive ability using the difference between ultrasound 
and carcass IMF percentage (ultrasound - carcass), the absolute difference between 
ultrasound and carcass IMF percentage, standard error of prediction (SEP), and both Pearson 
product moment (PCOR) and Spearman rank (RCOR) correlations between ultrasound and 
carcass IMF percentage (Hassen et al., 2001). Values for intramuscular fat percentage 
predicted by the new model and the model reported by Newcom et al. (2002a) were 
compared using all validation data. Standard error of prediction was calculated as: 
from ultrasound; carcass = chemical IMF from longissimus muscle; bias = mean difference 
between ultrasound and carcass IMF percentage. 
Descriptive statistics for the developmental data are shown in Table 1. The mean 
carcass IMF percentage for the developmental data was 3.90% and values ranged from 1.23 
to 7.58%. The final model to predict IMF percentage in live pigs included eight of the ten 
image parameters from texture analysis of the longitudinal ultrasound images. Multiple 
y (ultrasound — carcass — bias}2 
, where ultrasound = IMF predicted 
Results and Discussion 
187 
coefficient of determination (R2) and root mean square error (RMSE) for the prediction 
model were 0.44 and 0.92%, respectively, compared to 0.32 and 1.02%, respectively, 
reported by Newcom et al. (2002a). These results indicate the model developed in the 
current study should be slightly more accurate than the model reported by Newcom et al. 
(2002a). The PCOR and RCOR between carcass and ultrasound IMF percentage for the 
developmental data were 0.67 and 0.62, respectively. 
Results from the current study agree with Ragland (1998), who evaluated several 
models of prediction, including various combinations of all image parameters, or only 
significant image parameters and backfat and loin muscle area measured by real-time 
ultrasound from nine breeds of pigs. He reported R2 values of 0.28 to 0.48 and RMSE values 
of 0.88 to 1.03% from developmental data. Hassen et al. (2001) reported R2 and RMSE 
values of 0.69 to 0.72 and 0.84 to 0.91%, respectively, for prediction models in beef cattle 
from images collected using an Aloka 500V machine. 
Results from the model validation are shown in Table 1. The mean carcass IMF 
percentages for Validations 1, 2, and 3 were 2.79, 3.37, and 2.12%, respectively. The carcass 
IMF values across the validation data ranged from 0.88 to 8.50. The mean difference 
between ultrasound and carcass IMF percentage from Validations 1, 2, and 3 was 0.56, 0.17, 
and 1.01%, respectively, indicating the prediction model gives a predicted value that, on 
average, overestimates carcass IMF percentage in all three validation data sets, but the mean 
bias is lower than that reported by Newcom et al. (2002a). Ultrasound IMF percentage also 
had less variability across the validation data sets than did carcass IMF, which was expected 
because regression procedures tend to regress predicted values toward the mean. The 
difference in mean carcass IMF values between the developmental data and the validation 
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data ranged from 0.53 to 1.78%, which could be the cause of this overprediction. The mean 
absolute difference ranged from 0.66 to 1.13%. Ragland (1998) reported mean absolute 
differences between carcass and ultrasound IMF percentage ranging from 0.63 to 0.73, 
depending on the parameters in the model. Hassen et al. (2001) reported values of 0.42 and 
0.83% for the mean difference and absolute difference between ultrasound and carcass IMF 
percentage, respectively, from four prediction models tested in beef cattle. 
The mean carcass IMF values for Validations 4, 5, and 6 were 3.26, 3.30, and 3.21%, 
respectively. The mean difference between ultrasound and carcass IMF percentage from 
Validations 4, 5, and 6 was 0.81, 0.86, and 0.76%, respectively, indicating the prediction 
model gives a predicted value that, on average, overestimates carcass IMF percentage in all 
three validation data sets, but the mean bias is lower than that reported by Newcom et al. 
(2002a). Ultrasound IMF percentage also had less variability across the validation data sets 
than did carcass IMF, but was more variable than for Validations 1, 2, and 3. The difference 
in mean carcass IMF values between the developmental data and the validation data ranged 
from 0.60 to 0.69%. The mean absolute difference ranged from 0.91 to 1.04%. 
The mean difference between ultrasound and carcass IMF percentage from 
Validations 7, 8, and 9 was 1.33, 1.18, and 1.39%, respectively, indicating the prediction 
model gives a predicted value that, on average, overestimates carcass IMF percentage in all 
three validation data sets, and the mean bias is larger than the bias for the current model 
(Table 2). The mean absolute difference ranged from 1.31 to 1.43%. 
Standard errors of prediction, Pearson product moment correlations, and Spearman 
rank correlations are shown in Table 2. The SEP takes into account the mean difference 
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between ultrasound IMF and carcass IMF (bias), and indicates that the ultrasound IMF 
percentage is within the reported SEP value of the carcass IMF percentage for 67% of the 
observations. The SEP for Validations 1, 2, and 3 ranged from 0.84 to 0.95%, which means 
that after adjusting for the bias, the ultrasound value is within 0.84 to 0.95% of the carcass 
IMF percentage, 67% of the time. This is similar to the SEP using the same pigs from 
Newcom et al. (2002a). The SEP for Validations 4, 5, and 6 were 0.87, 0.95, and 0.81%, 
respectively, similar to the values from Validations 1, 2, and 3. The SEP for Validations 7, 8, 
and 9 ranged from 0.85 to 1.00%, similar to the other six validation data sets presented in the 
current study. This demonstrates that even with a larger overprediction seen in Validations 7, 
8, and 9, after adjusting for this bias, the model reported by Newcom et al. (2002a) is similar 
to the current model. 
Correlations between carcass and ultrasound IMF were moderate (Table 2). The 
PCOR for Validations 1 to 9 ranged from 0.44 to 0.61 and RCOR values ranged from 0.48 to 
0.64. These values are similar to those reported by Newcom et al. (2002a). Correlation 
coefficients between IMF predicted from the current model and the model reported by 
Newcom et al. (2002a) are shown in Table 2. The PCOR values ranged from 0.66 to 0.87, 
and was the highest for pigs from the first replication of the time period study, indicating 
values from the two models were most similar for this group of pigs. Rank correlation 
coefficients were similar to the PCOR values, with the same group of pigs having the largest 
value. 
Frequency distribution of the mean absolute difference between ultrasound and 
carcass IMF values across the validation data sets is shown in Table 3. The percentage of 
190 
pigs for which predicted IMF was within 0.5% of carcass IMF varied across validation data 
sets, from 20% (Validation 9) to 66% (Validation 2). The percentage of pigs predicted 
within 1.0% of their carcass IMF ranged from 49% in Validation 7 to 87% in Validation 2. 
A greater proportion of ultrasound IMF values within ± 1.0% of the carcass IMF value may 
have been expected as Validation 2 contained pigs of the same breed with a similar mean 
carcass IMF percentage as data used in model development. The pigs in Validation 3 were 
Yorkshires only and had a lower mean carcass IMF when compared to Durocs only. Results 
indicate the current model, represented by Validations 1 to 6, predicted more pigs within 1% 
of their carcasses values (72%) than the model reported by Newcom et al. (2002a), 
represented by Validations 7 to 9 (50%). 
Results from comparing the values predicted from the current model and the model 
reported by Newcom et al. (2002a) are shown in Table 4. The mean difference between 
ultrasound values for Validations 1 to 6 were 0.62, 0.58, 0.67, 0.54, 0.32, and 0.61%, 
respectively. This indicates the model reported by Newcom et al. (2002a) predicted values 
higher than the current model. From Table 1 and Newcom et al. (2002a), it is shown the 
mean difference between ultrasound and carcass IMF values was smaller for the current 
model when compared to the model reported by Newcom et al. (2002a), which is also 
confirmed here. 
Frequency distribution of the mean absolute difference between values predicted 
using the current model and the model developed by Newcom et al. (2002a) across the 
validation data sets is shown in Table 5. The percentage of pigs for which ultrasound IMF 
from the current model was within 0.5% of the ultrasound IMF from the model reported by 
191 
Newcom et al. (2002a) varied across validation data sets, from 54% (Validation 3) to 75% 
(Validation 5). The percentage of pigs with ultrasound IMF using the current model that was 
within 1.0% of their ultrasound IMF from the model reported by Newcom et al. (2002a) 
ranged from 86% in Validation 3 to 99% in Validation 5. These results indicate the 
differences between values from the two models were larger for the data with Yorkshire pigs 
only, and more similar for the remaining data sets. 
Implications 
The results of this study indicate periodic revision of prediction models is needed 
when the population under study changes or when improvement in technology or technician 
ability becomes apparent. Other technologies must be evaluated so producers and ultrasound 
technicians have a choice and are not limited to one ultrasound machine manufacturer. 
Implementation at the commercial level is needed to determine the economic feasibility of 
this technology. Future model development and validation should evaluate populations with 
both lesser and greater amounts of loin intramuscular fat percentage and be tested across 
different breeds or genetic lines. 
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Table 1. Descriptive statistics for validation of a prediction model for intramuscular fat 
percentage in pigsa 
N Traitb Mean SD Min. Max. 
DEV 247 CIMF, % 190 1.21 1.23 7.58 
UIMF, % 190 0.81 2.03 7.26 
DIFF, % 0.00 0.90 -2.13 3.03 
ADIF, % 0.71 0 56 0.01 103 
VAL 1 619 CIMF, % 2.79 1.12 0.88 8.50 
UIMF, % 135 0.70 0.67 5.76 
DIFF, % 0.56 0.95 -5.45 2.69 
ADIF, % 0.88 0.66 0.00 5.45 
VAL 2 331 CIMF, % 137 0.99 1.40 7.04 
UIMF, % 153 0.66 0.67 5.76 
DIFF, % 0.17 0.85 -5.08 2.69 
ADIF, % 0.66 0.56 0.00 5.08 
" DEV = Model development data from generations two and three of intramuscular fat percentage selection 
project; VAL = Validation data from National Pork Board's Genetics of Lean Efficiency Project: 1 = All data; 2 
= Duroc data only; 3 = Yorkshire data only; Time-period study: 4 = All data; 5 = replication 1 data only; 6 = 
replication 2 data only; Time-period study utilizing model reported by Newcom et al. (2002a): 7 = All data; 8 = 
replication 1 data only; 9 = replication 2 data only. 
h CIMF = Carcass percentage of intramuscular fat; UIMF = Intramuscular fat percentage predicted from real­
time ultrasound; DIFF = UIMF - CIMF; ADIF = Absolute value of UIMF - CIMF. 
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Table 1. (Continued) 
Traitb N Mean SD Min. Max. 
VAL 3 
VAL 4 
VAL 5 
VAL 6 
288 
257 
113 
144 
CIMF, % 
UIMF, % 
DIFF, % 
ADIF, % 
CIMF, % 
UIMF, % 
DIFF, % 
ADIF, % 
CIMF, % 
UIMF, % 
DIFF, % 
ADIF, % 
CIMF, % 
UIMF, % 
DIFF, % 
ADIF, % 
212 
3.13 
1.01 
1.13 
126 
4.05 
0.81 
0.96 
3.30 
416 
0.86 
1.04 
121 
197 
0.76 
0.91 
0.86 
0.69 
0.84 
0.67 
1.00 
0.97 
0.87 
0.69 
1.13 
0.97 
0.95 
0.75 
0.87 
0.96 
0.81 
0.64 
0.88 
1.05 
-5.45 
0.02 
.1.47 
1.77 
-1.85 
0.00 
1.60 
2.03 
-1.55 
0.00 
1.73 
1.77 
-1.85 
0.01 
8.50 
5.46 
2.53 
5.45 
6.61 
7.84 
3.79 
179 
6.61 
6.82 
179 
179 
5.96 
7.84 
3.10 
3.10 
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Table 1. (Continued) 
N Traitb Mean SD Min. Max. 
VAL 7 257 CIMF, % 326 LÔÔ L47 6.61 
UIMF, % 4.59 0.96 2.48 7.44 
DIFF, % 1.33 0.94 -2.55 3.82 
ADIF, % 1.42 0.81 0.01 3.82 
VAL 8 113 CIMF, % 3.30 1.13 1.60 6.61 
UIMF, % 4.48 0.94 2.48 6.56 
DIFF, % 1.18 1.00 -2.55 3.82 
ADIF, % 1.31 0.83 0.01 3.82 
VAL 9 144 CIMF, % 3.21 0.87 1.73 5.96 
UIMF, % 4.58 0.93 2.54 7.44 
DIFF, % 1.39 0.86 -1.46 3.46 
ADIF, % 1.43 0.78 0.06 3.46 
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Table 2. Standard errors of prediction, Pearson product moment correlations, and Spearman 
rank correlation coefficients from validation data3 
Comparisonb 
1 2 
SEPC PCORd RCORe PCORd RCOR" 
VAL 1 0.95 0.54 0.57 0.73 0.75 
VAL 2 0.85 0.53 0.54 0.76 0.78 
VAL 3 0.84 0.44 0.49 0.66 0.67 
VAL 4 0.87 0.60 0.63 0.84 0.84 
VAL 5 0.95 0.60 0.64 0.87 0.87 
VAL 6 0.81 0.61 0.62 0.83 0.81 
VAL 7 0.94 0.53 0.54 0.84 0.84 
VAL 8 1.00 0.54 0.58 0.87 0.87 
VAL 9 0.85 0.54 0.48 0.83 0.81 
" VAL = Validation data from National Pork Board's Genetics of Lean Efficiency Project: 1 = All data; 
2 = Duroc data only; 3 = Yorkshire data only; Time-period study: 4 = All data; 5 = replication 1 data only; 6 = 
replication 2 data only; Time-period study utilizing model reported by Newcom et al. (2002a): 7 = All data; 8 = 
replication 1 data only; 9 = replication 2 data only. 
b 1 = Correlations between ultrasound and carcass intramuscular fat percentage; 2 = Correlations between 
intramuscular fat percentage predicted from model developed in the current study and the model developed and 
reported by Newcom et al. (2002a). 
c SEP = Standard error of prediction. 
d PCOR = Pearson product moment correlation between ultrasound and carcass intramuscular fat percentage. 
e RCOR = Spearman rank correlation between ultrasound and carcass intramuscular fat percentage. 
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Table 3. Frequency of the absolute difference between ultrasound and carcass intramuscular 
fat percentage from validation dataa 
ADIFb VAL1 VAL2 VAL3 VAL4 VAL5 VAL6 VAL7 VAL8 VAL9 
± 0.50 % 50% 66% 31% 44% 41% 47% 24% 32% 20% 
± 1.00% 74% 87% 59% 71% 69% 72% 49% 50% 51% 
± 1.50% 91% 97% 84% 87% 85% 88% 68% 73% 68% 
+ 2.00 % 98% 99% 98% 95% 92% 97% 82% 87% 81% 
a VAL = Validation data from National Pork Board's Genetics of Lean Efficiency Project: 1 - All data; 
2 = Duroc data only; 3 = Yorkshire data only; Time-period study: 4 = All data; 5 = replication 1 data only; 6 = 
replication 2 data only; Time-period study utilizing model reported by Newcom et al. (2002a): 7 = All data; 8 = 
replication 1 data only; 9 = replication 2 data only. 
b ADIF = Absolute difference between ultrasound and carcass intramuscular fat percentage. 
197 
Table 4. Comparison of intramuscular fat values predicted using real-time ultrasound from 
the model in the current study and the model reported by Newcom et al. (2002a) using two 
independent validation data sets3 
Modelb Traitc Mean SD Min. Max. 
VAL 1 New UIMF, % 3.35 0.70 0.67 5.76 
Old UIMF, % 197 0.71 1.98 6.87 
DIFF, % 0.62 0.52 -0.89 4.58 
ADIF, % 0.66 0.47 0.00 4.58 
VAL 2 New UIMF, % 3.53 0.66 0.67 5.76 
Old UIMF, % 4.12 0.70 2.44 6.87 
DIFF, % 0.58 0.47 -0.47 4.58 
ADIF, % 0.61 0.43 0.00 4.58 
VAL 3 New UIMF, % 3.13 0.69 1.05 5.46 
Old UIMF, % 180 0.69 1.98 5.97 
DIFF, % 0.67 0.57 -0.89 2.55 
ADIF, % 0.73 0.50 0.00 2.55 
a VAL = Validation data from National Pork Board's Genetics of Lean Efficiency Project: 1 = All data; 
2 = Duroc data only; 3 = Yorkshire data only; Time-period study: 4 = All data; 5 = replication 1 data only; 6 = 
replication 2 data only. 
b New = Prediction model developed in the current study; Old = Prediction model developed and reported by 
Newcom et al. (2002a). 
c UIMF = Predicted percentage of intramuscular fat; DIFF = Difference between prediction from old model and 
new model: ADIF = Absolute difference between prediction from old model and new model. 
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Table 4. (Continued) 
Model Trait Mean SD Min. Max. 
VAL 4 
VAL 5 
VAL 6 
New 
Old 
New 
Old 
New 
Old 
UIMF, % 
UIMF, % 
DIFF, % 
ADIF, % 
UIMF, % 
UIMF, % 
DIFF, % 
ADIF, % 
UIMF, % 
UIMF, % 
DIFF, % 
ADIF, % 
4.05 
4.59 
0.54 
0.59 
4.16 
4.48 
0.32 
0.48 
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4.58 
0.61 
0.68 
0.97 
0.96 
0.54 
0.42 
0.97 
0.94 
0.49 
0.33 
0.96 
0.93 
0.55 
0.45 
1.77 
2.48 
-1.54 
0.00 
2.03 
2.48 
-1.00 
0.01 
1.77 
2.54 
-1.54 
0.00 
7.84 
7.44 
2.22 
2.22 
6.82 
6.56 
1.31 
1.31 
7.84 
7.44 
2.22 
2.22 
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Table 5. Frequency of the absolute difference between intramuscular fat percentage 
predicted using real-time ultrasound from the model developed in the current study and the 
model reported by Newcom et al. (2002a) using six validation data setsa 
ADIFb VAL1 VAL2 VAL3 VAL4 VAL5 VAL6 
+ 0.50 % 62% 68% 54% 68% 75% 63% 
± 1.00 % 91% 95% 86% 93% 99% 87% 
± 1.50% 97% 99% 95% 99% 100% 98% 
± 2.00 % 99% 99% 99% 100% 100% 
11 VAL = Validation data from National Pork Board's Genetics of Lean Efficiency Project: 1 = All data; 
2 = Duroc data only; 3 = Yorkshire data only; Time-period study: 4 = All data; 5 = replication 1 data only; 6 = 
replication 2 data only. 
b ADIF = Absolute difference between intramuscular fat percentage predicted using real-time ultrasound from 
the model developed in the current study and the model reported by Newcom et al. (2002a). 
